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Introduction to RFICs

> RF problem —
— Received signal is very small, in presence of interferers
30 dBm -100 dBm
/\_.> o RX
EVANCRD ¢
0 dBm

Base staiion

> Power measured in ‘dBm’

dB — log scale, since the range of power involved is huge.
m — relative to 1 mW

PowerindBm=10 Iogm(ij
TmW

0dBm=1mW; -100dBm =0.1 pW !l
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Simple RF receiver

PE Interferer
-—- 0 dBm
;)
| \
Received Signal !
-100 dm
| /Ik \
I/ \
1.9GHz 1.91 GHz

Use a filter to knock off
the interferer

R
Vi, & VV\- o,
L — C
1 R
° JLC %
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» What will be the Q required to reject the interferer ?
The Q required to get 3 dB rejection at 1.91 GHz
(10 MHz from 1.9 GHz)
=f/BW =1.9 GHz /20 MHz = 85
» The Q of the filter is limited by the Q of passive components

Vﬁ[m O"/\/W

L

A 2 A 2
—4 = Q. re= Q6" g

1 1 1 1
_I_

=—+
R Q Qg
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» Very High Q passive components are impossible to
realize !
» Cascading the filters, another way to realize sharp filters

R | R
Vin o— "N\, ¢ | x1

L —_— C L —_— C o o o

Limitations:
— Precise matching of L, C are required
 Else, results in broad bandwidth
— Shiftin all L’'s or C’'s => picking up interferer but not the desired
signal
— High gain (of the order of 10°) is impractical at RF.

« Parasitic coupling between i/p and o/p of the amplifier leads to

stability problem
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» Therefore the gain is distributed at several frequencies.
— breaks the loop due to parasitic coupling

Example :

G1 G2 G3

RFin - Base band (0 dBm)
Small deiired signal

Large interferers
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Issues in RF Receivers

1. Noise

»  Frequency translation and amplification needs devices (both
active and passive)

> These devices add noise

»  Even with zero input signal, output has noise (due to internal
noise sources

Consider the model of an antenna,

__Receiver Vg : signal received by the

antenna,

R, :Impedance of the antenna

l V., r : Equivalent voltage noise of
— — the antenna
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2
Vsig

Signal power at the input of the receiver = AR waitts
S
Avg. noi wer dissipated at
hg_ Osefpﬁ eraissip Vi _(4KTRg)B
the input of the receiver = 4R, 4Rq watts

4KTRg : Voltage noise power spectral density of Rqg
B : Band width

Noise power at the input (in dBm) = 10 log (4KTRg ) + 10 log (B)
=-174 dBm/Hz + 10 log (B)

For a channel with bandwidth of 200 kHz, the noise power = -121 dBm
If the received signal power = -100 dBm, then

the SNR @ input = 21 dBm

=> Receiver output SNR cannot be greater than 21 dBm (for this case)

IEP : RF Integrated Circuits 8
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Sensitivity :

Minimum i/p signal power required for a specified SNR @ o/p.
Sensitivity > SNR_,, (in dB) + 10 /log (B) — 174 dBm

Noise factor :

SNR@ i/p

SNR @ o/p

Noise Factor =

Noise Figure (NF) = 10 log (Noise Factor)

Noise factor is the measure of SNR degradation when the signal
passes through the system.

For a noise less receiver, SNR @ i/p = SNR @ o/p
i.e. Noise factor = 1
For a noisy receiver Noise factor > 1
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2. Large signal issues
» Amplifiers are non-linear in reality.

_ 2 3
V-—D_V V, =8, +taV, +aVv; +aVv;, +---
l o

(Acoswt + Acosw,t)

v, = (8, + a,A%) + (a1A+%asA3)(cos @t + CoS w,t)

o 3
+ azg\ (00320)1t+0032w2t)+a3f (Cos3ayt +cos 3ayt)

+ a,A°[cos(w, — , )t +cos(@, + @, )]

+§av3A3[cos(2a)1 — )t +Cos(2a, — @ )1]

N %aSA3[cos(2a)1 + @)t +c0s(2a, + )]
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YV VYV

Amplitude of the fundamental component at the output of the
amplifier is, (a1A+%a3A3)

Typically a; is negative

Therefore, amplitude of the fundamental at the output
decreases with the increasing input signal strength

Output power
(dBm) 1} idgal

1 ,-.", actual

P...1gs - 1 dB compression point

Pin-1d8 |"plIt power
(dBm)
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Intermodulation

»  Output components of frequency (2w, — w,) and (2w, — w,) are
third order intermodulation terms.

3/ a,A° 2
»  Third order intermodulation = |M, = A—3 — 3 aA”
a,A 4 a

Output power
(dBm)

_—

- lIP, : Third order Input Intercept
Point

(IP;—P,)) 3 =M, + (IIP3 — Pin)
1P, =P, + IM,/2
(all quantities in dB)

P
Input power

(dBm)

1
1
P,
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Intermodulation

»  Output components of frequency (w, — w,) and (w, + w,) are
second order intermodulation terms.

2
» Second order intermodulation = IM, = 32’2 _ %A
a a

Output power
(dBm) 1} IIP, : Second order Input

Intercept Point

(IP;—P,)) 3 =M, + (IIP3 — Pin)

1P, =P, + IM,/2

(all quantities in dB)

. :
P, lIP, Input power
(dBm)
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Problems with large signals:

Intermodulation-
interferers
A A Ao
desired IMj IM,
N ALl
| 0)|1 mlz Vi Ve g4 0y
Ao Ao Amplifier Ao Ao
Blocking-
Amplitude of o/p fundamental '"te’f‘:er
= (a1A+§asABz)
2 desired
Gain for the fundamental AA
3
B (31 i 5 3332) Amplifier

(O )
Vi ‘ : Vo=V, +33Vi3

»  Gain of desired channel reduced in the presence of large interferer (a, is

typically negative)

>  If the interferer is modulated, ‘B’ changes with time => Cross Modulation

IEP : RF Integrated Circuits
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Distortion in cascaded amplifiers

Let the non-linearity of the amplifiers A, A,

and A, be given as V, V1 v,
3 ..., _ 3 4| >¥4| >
Vo1 =@V + @V ; V, =BV, + bV,

=V, =(ab)V, +(ba;+bya’ Ve A

For the amplifier A,, 4 a Vi
A/IP3,1 Iy
3 a;
For the amplifier A,, 2 _ |4 b,
P32 = 1| ;
3 b,

4  ba
3 ba, + 1935"13

Then for the equivalent amplifier A, Apz cas = \/

Re-arranging the above equation, it can be shown that,

1 1 a’
+

> =2 2
Aipscas  Aipzs  Aipasz
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Dynamic Range (DR)-

Output power

(dBm)

A

A

intermod

A

I:’noise
! A 4 -

Lo

o -}
in, min in, max  ||P, Input power
(dBm)

OE--2
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Noise in Electronic Circuits

1. Resistor

— Vv, : Equivalent noise voltage of resistor R. It is assumed to be
Gaussian white.
R 2

v,=0 ; v2= 4KTRAf assuming the resistor is in
(—D v equilibrium with the surrounding

L o Noise power spectral density = S, (f) = 4KTR V2/Hz
2. L&C: Nonoise

3. MOSFET
D G D
G id
‘*—ﬁ — g W S(f)= _KTng, V*/Hz
SO * —e
S
IEP : RF Integrated Circuits 17
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4. Noise through a linear filter

Sv,in (f) ;

H(f) Vn, out

S

5. Noise in networks

R,

@ G
@VnS @VM

v,out

(f)= S, (FH(F)

Output noise voltage =
Vo = Vo H(F) + Vo Ho (F)+ v, gHy () +- -

where, H. (f) is the transfer function
from ith noise source to the output

Output noise power spectral density =

Svo(f)

=S

v,ni

2

(NH (D +S, ma(FHa(F)F +S, pa(FHa(F)? + -

IEP : RF Integrated Circuits
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AR, + B

The transfer function H. (f) can be written in terms of R, as  Hi(f) =

CR,+D
% AR, +B
Yk CR.+D
AgqRs + By
If V) in-eq IS the equivalent input referred noise, then Vino = Vnin-eq CR +D
S
Aeq
As R, »>e,v,, —0 andalso v,,=v,; C = Aq =0
B, N AR.,+B
v, = =>v
moT eI CR +D Z CR.+D
K N k
= Vin,in eq_R 2. Vi + zvnkB—
= eq = eq
Vn,in—eq - Rsln + Vn
IEP : RF Integrated Circuits
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Noise factor of amplifier

Rs Vi E Zout:
(W ! f + T
VSCS @'ﬂi v, %zi <>Avx i
Available SNR @ ilp = %RS - Y taking 1 Hz bandwidth
vailable i/p = IKTR. = IKTR, aking 1 Hz bandwi
4R,
Available signal power at the output =v_’ 4A !
Z +R,| 4Rd[Z,,,]
. . . 2 || ZA 1
Available noise power at the output :[4KTRS+(VH+/nRS) } :
Z +R,| 4R6Z,,,]
V2
Available SNR @ o/p = g =
4KTR, +(v,+i R.)

Available SNR @ ifp _ (v, +iR)
AvailablPSRIR@omied Circuits AKTR,_ 20
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Noise Factor =




I} 2_—2 2.2 'l
(v,+iR) =v’>+R**+2R.v,i

Noise factor of a simple potential divider

Taking 1 Hz bandwidth, VV

. . 4R v
Available SNR @ i/p = AKTR S — = 4K;'R
%RS ; (Y

2

s R +R V4 2 R
Available SNR @ o/p = p__ S/ __7s P
P R.R, 4KT R, + R,

Rp+RS

AKT

Available SNR @ i/p _ - R,

Available SNR @ o/p R,

Noise Factor =

For best noise figure, Rp =0 ; for Maximum power transfer, Rp = Rs

IEP : RF Integrated Circuits
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Vdd

Noise factor of a CS amplifier

R Cy R,
ain l —> @TM—_{ Om R,
Vs L, L Vs
Available SNR @ i/p = —= Vi -
4KTR,
v (9,A.)’

Available signal power at the output =

4R,

3 1
Available noise power at the output = {4KTRS(QmRL)2 +§KTngL2 +4KTRL:| 1R

L

2

Available SNR @ o/p = - K;s 1
AKTR, + - —+4KT —5—
3 gm gm RL
Noise Factor — Avalllable SNR @ i/p _ 1+g 1 N 21
Available SNR @ o/p 3g9g.,R. 9,°RAR,
IEP : RF Integrated Circuits 22
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Noise factor of filters

U .. _ Z,=R+X
R N (N R S O
- - v, L, ==C I SR
Available SNR @ i/p = _"s | 2 2 !
4KTR, | | L
, e e e e 2
Available SNR @ o/p — __ Voutin
4KTRe[Z, ]

For a loss less filter, at f =f, v, = Vs and Re[Z; |= R

out,t

2

=  Available SNR@ o/p =_Y%
4KTR,

= Noise factor = 1

For a lossy filter,

Available SNR @ o/p — VG  G:the power gain of the filter
4KTR.

Therefore, Noise factor=1/G=L L: Loss
IEP : RF Integrated Circuits 23
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Noise factor of cascaded amplifiers

»  Consider an amplifier having power gain ‘G’ a%d noise factor ‘NF’

R, v

s
v i G, NF NF = ARTR,
s ——0 2
v, "G
- — 4R

S
Available noise power @ o/p

. Available noise power @ o/p=NF KTG
But, KTG = Available noise power @ o/p due to R, alone

.. KTG (NF —1) = Available noise power @ o/p due to the amplifier alone

»  Now, consider two amplifiers connected in cascade

R,

————o
V. é G, NF, G, , NF,

IEP : RF Integrated Circuits 24
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v,’GG,
4R

S

Available signal power @ o/p =

Available noise power @ o/p = KT(G,G,) + [KTG,(NF, -1)] G, + KTG,(NF, -1)

2

Vv
Available SNR @ i/p =—2= -
4KTR, VszG1Gz

Available SNR @ o/p= 4KTR;
KT(GG,) + [KTG,(NF-1)]G, + KTG,(NF, -1)

Therefore, the total Noise factor (NF) can be written as,
(NF, -1)

1
Generalizing the above result for any number of cascade,

NF,

otal

= NF, +

— Gy, NF; G, ., NF, G, NF; ©e
(NF, =1)  (NF; 1) .
NF, ... = NF, + + + .- Friis Formula

IEP : RF Integrated Circuits 25
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6 L
VS

filter

filter

In ‘dB’ the Noise figure can be writtenas N

RF preselection

GLNA
NF,

Ftotal‘dg =N F1‘d3 + Lfilter

N Ftota/ =N Ffi/ter +

filter
_ 1 (NR-1)
Gfi/ter Gfi/ter

"

IEP : RF Integrated Circuits
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RF port IF port

Mixer and Mixer Noise

X(t) = AF)’F COS (URFT,

x(t) —ﬁ@— x@)y(t) y(t)= A 5 cos @, ot
LO port A A
x(t)y(t) = %[COS(WRF — @, p) t—CoS(@ge + 0y0) 1]
J

t
y(t) \ JEN
\

~

o/p of down Rejected
conversion mixer by filter

In general, Vie(t)=1(x(t)) g(y(t))
The functions ‘f’ and ‘g’ are non-linear

Voltage gain of the mixer , ,
_ signal amplitude @ IF port

= = Conversion gain
signal amplitude @ RF port J

Available power gain

_ available power @ IFport  _ available SNR @ RF port
available power @ RF port available SNR @ IF port

Noise factor

IEP : RF Integrated Circuits 27
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Example 1

Ve (t) = Agr COS (gt

R 1 14 4
Ve = Agr COS(wpr t)R +LR {E + E;cos(wLo t)+§—cos(3wLo t) + -
L S

3z
Arr R
= “cos(wpt) + -
2 R +R.x (@)
Conversion gain = Ay

1
R +R,

IEP : RF Integrated Circuits
shanthi@ee.iitm.ac.in
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Example 2

y <5 -
NG %RL Unbalanced Mixer

R, 1 14
Ve = VAe + ApccoSlape E)| — + — —coslay, )+ --
IF RL N R [ (ON) RF ( RF )]|:2 o T ( LO ) i|

S

_Aer AL cos(wpet) + Vos . Vosgcos(a)mt) v Aar A gcos(a),,:z‘)
2 R +AR, 2 2 2 R +R.x
\_ / N J
Y Y
RF feed through LO feed through

RF feed through => Noise, low frequency components

LO feed through => Desensitizes subsequent amplifiers (A 5 >> Agg )

IEP : RF Integrated Circuits
shanthi@ee.iitm.ac.in
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Improvement

1.

Single balanced mixer

~VRF

T

Vip = 2Ag¢ il cos(wget) [% + % + ECOS(Ct)Lol‘) + -

R, + R,

* No LO feed through

IEP : RF Integrated Circuits
shanthi@ee.iitm.ac.in
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2.

Double balanced mixer

VOS,1

VRF

2 Ve (Vos, 2 * Vi0) +

No LO feed through

4 Vrr Vio

No LO feed through
No RF feed through

2 Vrr (Vos, 2 - Vio) ) LO
No LO feed through VRF,_ | |
LO ~ +
— \")
Lo IF
“VRF__ | o
IEP : RF Integrated Circuits LO
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Noise in Mixers

Consider an ideal mixer- -

- ixer - Yo
SNR @ input of mixer = R

S

1. Single side band signal -

» Thermal noise of both the signal band and the
image band are translated to IF.
> SNR @ output is half the SNR @ input
=> Noise figure = 3 dB

2. Double side band signal -

» SNR @ output is equal to the SNR @ input
=> Noise figure = 0 dB
» DSB Noise figure is 3 dB smaller than
SSB Noise figure

IEP : RF Integrated Circuits
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Spurious responses in Mixers

Non-linear Mixer

| Vos,1 f(Vre *+ Vos 1) !
Vee | / Vie = f(Vre + Vos,1) X 9(Vio + Vos2)
. f X >
“«__

/" 9(vio +Vos 2)
Non-linearity __, | g

1
1
1
1
1
1
1
1
1
1

» f(Vge + Vg 1 ) Will have the frequency mfz-, m=0,1, 2, . ..

» 9(V o + Vos2 ) Will have the frequency nf,,, n=0,1, 2, . ..

» f,o— Iy =fz=>High side LO ; fgr — f, = fr=> Low side LO ;
fp : desired signal

> For every combination of m and n, there is some frequency fg- = fg5 that
satisfies, | mfg £ nf, 5/ = f-. Then {5 is the ‘Spurious Signal’

» m=0 => LO feed through ; n=0 => RF feed through
IEP : RF Integrated Circuits
shanthi@ee.iitm.ac.in
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> Possible combinations —
mfg +nf, =1,
mf;—nf, =1,
mf; — nf , = —f,
» Consider High side LO,
fo—f=f=>f,=0+1,

‘mf * nfLO‘ =1,

‘mfs + n(fo + 1 )‘ =1,
Rearranging,

mf; = _n(fD + le)+ fie

and mf,=n(f,+f.)tf,

Normalizing w.rt. f, g_—-n+1_n g

m m
+
and S=n_1¢nD
m m
f f
S=°%5 & D=2"
f f

IF IF

IEP : RF Integrated Circuits
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> m=1 and n=1 is the desired mode

> Plot of S vs D for given m and n is called ‘Spur chart’

Example-
+ +
1. m=2,n=1 = S=n_11nD = S=D+1_1
m m
R S=T+2
nx1 n
2 m=2, n=2 = S—'l_'mD ST
D 1 D 3
S="4+_o0or S=_+" S S=T/2 +1
= 5 + 5 5 + 5 +
Second harmonic of RF beating with <1
second harmonic of LO demodulating to IF
S= D+1 = Half IF problem / D
2 2 “Cross over”
IEP : RF Integrated Circuits 35
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Filters

> Need a Linear filter (to avoid inter-modulation)

» Therefore passive filters are used in general
— LC filters
— Crystal filters

— Ceramic filters

Frequency transformation (from Low pass to band-pass)

1Q QQ
= 1F 1F=—F 1H
L L j
Low-pass Band-pass
1
H(s)=
1+ Q(s + )
S

IEP : RF Integrated Circuits
shanthi@ee.iitm.ac.in
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Transformation from low pass to band pass = s— Q(s+l)

Let w, p be the cut-off frequency of the low pass filter. Then, for band
pass filter,

Jo,, = Q( [0)+1)

jo

2
wLP + a)LP

4C?2
2
@, “/452” & o, LCI;J“/Z)ZSZJA

Center frequency = @,

> w0=

’
_\/(01502
a)O
W —

Quality factor=Q =

IEP : RF Integrated Circuits 37
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QQ

1F=

s o o( +;)
%R
_%

R

s
Qc
C—= - = 1/(QC)

QL

L —»
== 1/(QL)

IEP : RF Integrated Circuits
shanthi@ee.iitm.ac.in
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Example:
A 4 order low-pass Butterworth band-pass has 3 dB frequencies

100 MHz and 121 MHz. Find the equivalent frequency of the low-pass
prototype corresponding to 121 MHz. -

' _410 MHz; =% -10_gos

f =
°  J100x121 w,—w 21

Equivalent frequency of the low pass prototype = Q(: — ff"j = 5.25(_:12; — 1112(1))

o)

=1Hz

IEP : RF Integrated Circuits 39
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Local Oscillators

|deally Local oscillator should give a sinusoidal signal of constant
amplitude and phase

i.e. Vv,5=Acos(wt+0)

In reality both the amplitude and phase will be function of time
i.e. v,5=A(t)cos(w ot +g(t))

A(t) : Amplitude noise & ¢(f) : Phase noise
The spectrum LO will be like-

Can be considered to have
amplitude modulation OR
| | frequency modulation

1:LO fLO f

IEP : RF Integrated Circuits
shanthi@ee.iitm.ac.in
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» Amplitude noise is not of concern. A Zero-Cross Detector can be
used to switch the switch in the mixer.

» Phase noise is of concern because, zero crossing is the function of
time, resulting in ‘timing jitter’.

» The timing jitter may cause the interferer to leak into the IF after

mixing.
Phase noise A interferer
skirt \," \ Mlxmg
," T desired A
,/ \\ /\ l
fLO : : : : :
- - pred!
Af Af Af Af
fir

Example: Let the desired channel and interferer strengths be -98 dBm and
-23 dBm respectively, separated by Af = 200 kHz. Calculate the reduction in

LO skirt at Af = 200 kHz so as to have an SNR of 6 dB (Ans: 98-23+6 = 81 dB)

IEP : RF Integrated Circuits 41
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An oscillator schematic is shown below.

> Ris the equivalent resistance of the _
tank circuit formed by L & C e G\ .
m VOU
» The transconductor G, connected in % | % > L t
unity feed back has an input LS C == R ’
impedance 1 L, =———
Zin __ - - - Gm
G
1 i 1
szﬁ

» For oscillation,

Vout

» The amplitude of oscillation is limited
by the non-linearity of the
transconductor

Let us assume the transconductor has a non-linearity of the form,

: 3
I'= _(Go Vout — C-;1 Vouz‘)

IEP : RF Integrated Circuits 42
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Let

>

>

Vo = Asin(awt)

— i = (G, Asin(at) - G, A% sin®(wt))
A3 3sin(wt) — sin(3a)t)j

G A®

:—Asin(a)t){Go —%@Az}— sin(3at)

3'd harmonic current => 34 harmonic in v, , but will have less amplitude
compared to fundamental due to the tank selectivity

The amplitude will be stable wheﬁé _1
74

ie. L [G —§GA2} 1

Asm(cot) R

G-'p
56

IEP : RF Integrated Circuits
shanthi@ee.iitm.ac.in
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» The differential equation governing the KCL at the output node is

1 1 dv d°v
L R o TS _(GO

d‘;?“t —SG1v§utj =0 — Vander Pol equation

> Fully differential circuit implementation-

LgC_I | C= %L

Differential signal picture

vdd vdd

%j‘% : éLTLs

Fully differential schematidEP : RF Integrated Gtgitsative schematic 44
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Phase noise models
1. Leeson’s model

If v, = Af(t), where f(t) is a . Yo
solution, then f(t+t ) is also a T
solution (but depends on the () L3z c=F R \
initial condition).

» A charge dumped on tank circuit, causes an amplitude shift and
phase shift in the voltage across it.

» If the dumping of charge is due to the noise, the phase shift in the
oscillator will be noise dependent

» l.e. noise in the phase => ‘Phase Noise’

IEP : RF Integrated Circuits
shanthi@ee.iitm.ac.in
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! 1
Assuming linear circuit and the _
active device is noise less, I (D LS C = R \ I, (t)

(o)

Therefore, the voltage noise spectral density at frequency (w, +Aw ) is

4AKT
o (1) = =512 j@ + jAw)
_4KT L ( @, jz
R C\2Aw
This contains both the Amplitude and Phase noise.
IEP : RF Integrated Circuits 46
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Assuming Phase noise is half of the total noise,

Phase noise =

2KT£( @, T
R C\2Aw

B KTR( , jz
2 \QAw

Phase noise @ (@, +Aw) _ 1 4KTR( w, jz dBoy
Carrier power @ w, A2 2 \QAw Hz

rms

A

__—> Practical

Phase noise

[@Bc(,,) ity

dB/decade

Af
IEP : RF Integrated Cirﬁgits
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1. Hajimiri’'s phase noise model

oscillation will settle to a new amplitude and phase.

»  For an LC oscillator, if a charge is dumped, the
L3 C
The change is dependent on the time at which the %

charge is dumped. = =

»  The plot of time instance of charge dumping verses A
the phase change will be a sinusoid of a amplitude = %V
o

where, Aq is the charge and V, is the amplitude of
oscillation prior to charge dump.

ie. Ad(t)=— é“} sin(@,7)u(t -7
A v~ _sin(a,z)u(t—7)
Aq
(%(t) Qmax = _F(T)U(t_f)
Aq

P : RF Integrated Circuits
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> The total phase noise due the charge dumped by the noise source i (t) on

the LC tank is,
’

Total phase noise = Ti,,(f)( j () u(t—7) dr
0

max
1
Qm ax

= fin(r)( j I'(7) dr
0

2
» I(7) is periodic with period =2

o

=1I(7) = % + éck cos(kw,T + ¢, )

14

in(t)

Qnax C, cos(w,t + ¢)

1

C,cos(w,t +
IEP : RF Integrated Circuits (ol +1)

shanthi@ee.iitm.ac.in
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> The oscillator o/p is of the form Vv, (f) =cos(@,t + ¢(1))
» Forvery small ¢(t), v (t)=cos(w,t)—@(t)sin(w,t)

> Therefore, low frequency component of ¢(f) is of interest, as it beats with
sin(w,t) and the resulting frequency will be very close to w,

. . A
i, i(t) _ |, sin(Awt) V.
Qmax Qmax ( lhb C, 1 Jz
Quax 2 A
Then, ¢(t) = by Go 1 cos(Awt) g [ I max < 26
Q. 2 Aw |
(UO': I'.
»  Generalizing, Aw

If, i (f)=1 sin((ka, +Aw)t)

Then, ¢(t) = QIO C;" A1mcos((ka)o +Aw)t)
max

. 2
»  Assuming i (t), is white noise with noise spectral density = —InAE‘t)

IEP : RF Integrated Circuits 50
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>

»  Considering 1/f noise, NSD of i (t) is =

Noise power at the oscillator output, at a frequency offset of Aw is

- _
In
Af 1T . 2r~2| dBc
(4Qmax )2 § (Aa))z * kgzck Hz
inz(t)(wﬂfj
Af \ Aw

The noise power at the oscillator output, at a frequency offset of Aw is

:10 |Og1o

2
VAf | Pt 1
X

(4Que)  (A@)

2
xC,

dBc
Hz

- for very low frequency Aw, C, is only dominant

IEP : RF Integrated Circuits
shanthi@ee.iitm.ac.in

51



Image Rejection

» Two ways to reject the filter
1. Using Image reject filter
High Q filters are required — difficult to achieve
2. Cancelling the image
» Latter of the two is preferred
» Image rejection techniques
1. Hartley image reject mixer
2. Weaver image reject mixer

3. Direct conversion

IEP : RF Integrated Circuits
shanthi@ee.iitm.ac.in

52



Hilbert transform

X, (f) can be obtained from X(f) as, X(f)

X, (f)= X(f)%[1+sgn(f)] ; sgn(f) is complex ya
X.(f)

A

X, (f) = X(")%[1 + j(=jsgn(f))]

— jsgn(f) is realandknown as Hilber filter

X, (f)= 3 X()+ 5 X (- san(D)]

:%X(f)+j% X(f)  X(f) is the Hilbert transform of X(f)

= x, (1) = %[X(t) + jx(t)] — Analytic signal

To get back x(t) from x_(t),

= x(t) =2 Re|x, (1)]

IEP : RF Integrated Circuits
shanthi@ee.iitm.ac.in
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1. Hartley Image Reject Mixer

» The steps followed in rejecting the image is shown in the figure below

X(f)
T Image Desired
AN AN
-fLO . fLO f? f
1 1 1
X(f+fo) T fiE' Frequency
shifting
A _H
/1 1IN A | [ \"\. _(cheap low-pass filter)
-2fio fir f
4 Filtering
I :
fir f
\ Hilbert
Transform
LA .
f o f
IEP : HF Integrated Circuits 54
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Re
H(f)
x(t) cos(2nf ot)
»CT/X\ Tl HOD
-sin(2nf ot)

. Im
-jsgn(f) ——
Im
1
. Re
-j sgn(f)

+

o

- IF output

Hartley image reject mixer

» If the RF signal is very narrow band, (-sgn(f)) block need to provide 90° phase-
lag only at f.. The Hartley image reject mixer can be simplified as-

xg)

Re

H(f)

C

cos(2nf ot)

H(f)

i

= C

-sin@rhicYIEP : RF Integrated-Circuits
shanthi@ee.iitm.ac.in

Rc= __1

27Ti|_0

IF output
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2. Weaver Image Reject Mixer

» The steps followed in rejecting the image is shown below

X(f)
Image Desired
LN |, A TN
o - fo f f
1 1 1
X(f+fo) T e’ Frequency
i shifting
-2f, f f
- " Filtering +
4 Frequency
shifting
/:l/I ’Il_ \ >
-2f ¢ f
’_L Filtering
| >

IEP : RF Integrated Circuits
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X

P

> Re
x(t) cos(2nf ot)
()

cos(2nf,:t)

»

“\T/

-sin(2nf_ot)

=

)
-sin(2nf,:t) g}p
-

cos(2nf,:t)

i

X
-sin (27|:f| Ft)

Weaver image reject filter

IEP : RF Integrated Circuits
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3. Direct conversion (Zero IF) mixer

» One step conversion from RF band to base band

» Simplest method

o ADC |—»

x(t) cos(2nfi ot) DSP
.C>T<> R ADC —
-sin(2xf ot)

Limitations

a) Predominant component of | & Q are ‘DC’

>

>
>
>

Filter DC off-sets will contaminate the information
1/f noise => slow varying DC
2d order intermodulation (out-of band IIP,)

314 order intermodulatit#P : RF Integrated Circuits
shanthi@ee.iitm.ac.in
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b) Mixer

> Finite isolation between the RF port and LO port, causes a ‘DC’
component to appear at the mixer output

2
A_>: C= AxB AH_B_. A><B+TB
TB
Ideal mixer Practlcal mixer

c) LNA
> Finite reverse isolation of LNA makes the LNA non-unilateral.

» The LO component leaked to the input of LNA will reflect back, causing a
‘DC’ component at mixer output

IEP : RF Integrated Circuits 59
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