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Mixers

The Mixer is a critical component in communication
circuits. It translates information content to a new
frequency.

Information .
s+ PSD Mixer N

[T = [
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Why use a mixer (transmit side)?

1) Translate information to a frequency appropriate
for transmission

Example: Antennas smaller and more efficient at
high frequencies

2) Spectrum sharing: Move information into separate
channels in order to share spectrum and allow
simultaneous use

3) Interference resiliance
Geographic map
f cell sites
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Why use mixer in the receiver?

/ RF band

________________________________

O ~ Do Q of filter \
2 A 0, Desired ﬂ

channel
Bandpass filter at w,
requires a high-Q for ﬂ ﬂ
narrowband signals

Cht1 2 3 4 5

Af ~ 200 kHz (GSM)
f, ~1GHz

9
0 - 10 =1000=2500 High Q
2%x200x10° 0.4
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Mixers in Receivers (cont)

High Q = Insertion Loss

Filter center frequency must change to select a given
channel = tunable filter difficult to implement

Mixing has big advantage! Translate information down
to a fixed (intermediate frequency) or IF.

1 GHz = 10 MHz: 100x decrease in Q required

Don’t need a tunable filter
Y High Q channel filter

IF .
IS /\T) \ﬂ/ - Issue: Mixer has

high noise factor

Superheterodyne receiver architecture
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Mixers Specifications

= Conversion Gain: Ratio of voltage (power) at output
frequency to input voltage (power) at input frequency

= Downconversion: RF power / IF power
= Up-conversion: IF power/RF power

= Noise Figure
= DSB versus SSB

= Linearity
= Image Rejection

= LO Feedthrough
= Input

= Output
= RF Feedthrough
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Mixer Implementation

We know that any non-linear circuit acts like a mixer

w, —
Twotones W T 2" order IM

Oy, O Non-linear W, + W,
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Squarer Example

X ) X2 LY

Acosw,t + Bcosw,t

2 2 2 2
y=é cos” w,f + B” cos wzﬂ+K2ABcosa)ltcosa)29

DC & second harmonic Desired mixing

248 {c:os(a)1 +w, ) + cos(oz)1 -, )}

Product component:

What we would prefer:

LO
N Vir = V1o "Vrr Cos(wl x wz)
/C: IF Vep = Vpr COSW, I
RF

A true quadrant multiplier with good dynamic range is difficult to fabricate
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LTV Mixer

fi+f,— LTl ——f 4 £ Nonew frequencies

h+fi— LTV | — New tones in output

Example: Suppose the resistance of an element is modulated
harmonically

’VO(IF) v, =1, 'R(t)
% RO)(D)i, (RF) =1 cos(w,.t) R, cos(w, 1)

I R
= = = = % {COS(wRF TW; o ) + COS(wRF — Wi )}

UC Berkeley EECS 242 Copyright © Prof. Ali M Niknejad



Time Varying Systems

In general, any periodically time varying system can achieve
frequency translation

v(e)=pley, ) pt+T)=p(r)
= icnejw"”’vl.(t)

n=-—0o0

1 T ' eja)lt +e—ja)lt
c, = ?fp(t)e”%”’dt v, (1)=A( )cosw,t = A(t{ )
0

2

j(a)ont+a)1t) +j(a)0nt—a)1t)

v, ()= 4O e,

2

consider n=1 plus n=-1
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Desired Mixing Product

¢, =C_

(f)—% ](a)t wlt) 3 e—](w t+at)

= ¢, cos(w t —wt)

Output contains desired signal (plus a lot of other signals)
— filter out undesired components
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Convolution in Frequency

ldeal multiplier mixer:
- 70)= pl0)0)
periodic inpﬁ' O\ .
R R V()= X (R
Input—s x(t)

K P(f)= S s -1f0)
T

fLO 2fLO 3fLO

Y(f)=_}20n5(0—nfw)X(f—0)dO
=20n(z5(ﬁ—nfw)’((f—0)dﬁ)

o]

=ECnX(f_nfL0)

— 00
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Convolution in Frequency (cont)

X(f)

m X(f) peaks at fze

! f

fre

Translated spectrum peaks: [ -nf,, = f.r

S =TI+ 10 Yo
N an
n=1 n=2 n=3 f

Input spectrum is translated into multiple “sidebands” or
“image” frequencies

A

<«

=> Also, the output at a particular frequency originates from

multiple input frequency bands
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How Low can you LO?

Take the simplest mixer: . .
A A A

< » ——>

COS M, ol

@ > output IF IF L:1 RF Lz
X(t) /Q g

COS(U)LO — Wep )

Low side injection High side injection
Side note:
Which LO frequency to pick? LO1 or LO27?

I’lAf «— Channel spacing

= | + —
fLO fLO N <— No. of channels
. Af . : :
Tuning range: 7 = f o larger implies smaller tuning
LO

range
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Image Problem

Back to the original problem:

A
A

— 1]

RF LO IMAGE RF LO IMAGE

\ 4

Question: Why filter before mixer in spectrum analyzer?

Answer: |mage rejection Image reject filter . Channel selection
~ *@* —
Y Image reject filter T
LNA T
LO

Receiver architecture is getting complicated...
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Origin of Image Problem

1 (0 -jow
cos(w, 1 )= E(e’ ol 4 o7/ LO’)

/ ,
NV VARVARVARVA

If we could multiply by a complex exponential, then image
problem goes away...

ejHLO COS(U)RFf)= e](eLo"‘BRF)f + e+j(0LO_6RF)

\ J
JOrr ~JOrr JOrr M
e +e e IF frequency
0.,.-=0,,-0,. High side injection
0,,=0,,+0,: (Low side injection) Image Freq.
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Review of Linear Systems and PSD

Average response of LTI system:

7 0)= )= [
7 0)=tim, L P
lim, %f( fh vy _f)df]df

- }( lim,_, %}X(f -7 M Jhl (c it
=0
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Average Value Property

7 0= 30 [ (i
H (jo)- fh (" dr
¥, (6)=x()H,0)

\

“DC gain”
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Output RMS Statistics

20)=tim, 21Tf( fh (¢ )t~ W, )(fh (e, (e -, i, )dt

oy . 1
= :[o:[ohl (tl y’l (Tz {hmTeoo Z_j;x(t —T )X(t -1, )dt)drldtz
Recall the definition for the autocorrelation function
¢, ()= x( ) +7)
. 17
=1lim,_, E!T‘x(t)x(t +T Mt

UC Berkeley EECS 242 Copyright © Prof. Ali M Niknejad



Autocorrelation Function

0

y12 (t)= f}hl (771 y’z (772 )Pxx (771 — T, )jrldrz

—00—00

b.(jo)= [¢. k" de

1 p . jwt
06005 [o. (0} do

¢(/a)) IS a real and even function of w
since ¢_(r)is a real and even function of t
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Autocorrelation Function (2)

o)

. |- |
ylz (t)= ffhl (771 yll (Tz)ﬂf¢xx(fw)3JW(Tl_TZ)defldrz

— 00—

1 p . Py w\T,-T
- L 9. Go)f [ e

] % :}:qux (]w{zhl (Tl kﬁml dT1 )( :Zh1 (772 )3_ij2 d’L'z ]da)
H (jo)= (}hl (T)e-jwrdr]* l
»()= i fglﬁxx(/'a))H1 (o), (jo Y

1 7 , RV
L oo G do
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Average Power in X(t)

Consider x(t) as a voltage waveform with total average
power x*(¢). Let's measure the power in x(t) in the band
O<w<w;.

o | Ideal LPF
x(t) 19%%’ )
- A a)l -

The average power in the frequency range O<w<w, is now

201 f%ow JH, (oY o

2'77: _wl%a—_}/ W/radian

W/Hz
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Average Power in X(t) (2)

S
=29, (/2 Mf

Generalize: To measure the power in any frequency range
apply an ideal bandpass filter with passband w< w<w,

f

3 O)=20.. (27 Yif

J

The interpretation of ¢,, as the “power spectral
density” (PSD) is clear
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Spectrum Analyzer

A spectrum analyzer measures the PSD of a signal

Poor man’s spectrum analyzer:

——————————————————————————————————————————————————————————

Wide
dynamic

range mixer :
—~ ! i
i vertical :

Phase

noise VCO _ > M CRT
generation 7

Linear wide
tuning range /WL
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Balanced Mixer

s An unbalanced mixer has a transfer function: Has “DC”
0 g
y()=x(t)xs(t) = (1+ A() cos(w,,1)) % {1}

= which contains both RF, LO, and IF

= For a single balanced mixer, the LO signal is
“pbalanced” (bipolar) so we have

No “DC”
/ Has “DC” " /
Y(0)= x(1)xs(t) = (1 + A(?) cos(wp1)) ><Ri_ 1}

= As aresult, the output contacts LO but no RF component

= For a double balanced mixer, the LO and RF are balanced
so there 1s no LO or RF leakage

W)= x()x 5(1) = A(t) cos(@,p) % {J_“ 1}
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Noise In an ldeal Mixers

Consider the simplest ideal multiplying mixer:

NG 8

IF RF LO IM
« What's the noise figure for the conversion process?

* Input noise power due to source is KTB where B is
the bandwidth of the input signal

* Input signal has power P, at either the lower or
upper sideband

it
kTB
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Noise In Ideal Mixers

« At the IF frequency, we have the down-converted
signal G-P, and down-converted noise from two
sidebands, LO - IF and LO + IF

G-P
SNR = :
K (G'+G"kTB | L

F g LO
For ideal mixer, G=G'=G"
»~_SNR _ P 2kTB _, i @
SNR kTB P % o
NF =3dB =

For a real mixer, noise from multiple sidebands can fold
into IF frequency & degrade NF

U
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Noise in CMOS Current Commutating Mixer
(After Terrovitis, JSSC)

iﬁ " ]ol=ll_]2=F(VLO(t)’]B+is)

Assume i  is small relative to |5 and
perform Taylor series expansion

1, ”F(VLO(f)’] )+ (VLO(t)’I )l t.

I, =P0(f)+Pl(t) i,

j A A -
+1
O\ ﬂ ﬂ? \__ R
[N NNZ .
All current M2 Both on
through M1
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Noise in Current Commutating Mixers

1 1
l_1= gm2 12 _ g-ml
I 1 + 1 is - 1 . 1
gml ng gml gm2

pl(f) g8+§8( l"_l)

T
Note that with good device matching P (f)= _pl(l‘ + 70)
Expand p1(t) into a Fourier series:
Tro T10/2 T;0
pl,zk fpl (t ]2ﬂ2kt/TLO df _ f f
Tp/2

Only odd coefficients of p, ,, non-zero
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Single Balanced Mixer

B ? ? } 1 Assume LO signal strong so that
I I current (RF) is alternatively sent
Switching to either M, or M. This is
+ [ ]F } Pair equivalent to multiplying ixr by +1.

- i RF current
Transconductance
RF M1 stage (gain)

>

Vip =518 n(VLO )g B Vrr = 8 (t )g L Vrr
Period waveform with period =T,
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Current Commutating Mixer (2)

g(t) = square wave = %(cosa)wt—cos3wwt+...)
Let Vipr = ACOSW -t
41
LPF(VIF)= ;ECOS(CURF _wLO)'ngL -4

A =L =£ngL gain
A =«

LO-RF isolation good, but LO signal appears in
output (just a diff pair amp).

Strong LO might desensitize (limit) IF stage (even
after filtering).
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Double Balanced Mixer

« LO signal is rejected up
to matching constraints

« Differential output
+ removes even order
LO non-linearities

* Linearity is improved:
Half of signal is
processed by each side

@ Transconductance * Noise higher than

= single balanced mixer
since no cancellation

OCCUrs
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Common Gate Input Stage
| Tou

]

5
g—]_
F
2

Al
F

VBias \

m | ‘ _| m 52'
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Gilbert Micromixer

VPOS
IF LOADS

LO v
DRIVER | %
QM1 QM QM3 QM4
*13 él"

Qi
Q3
=Cp
Veun Vr
72
v & + ? coM

= The LNA output 1s often s1ngle ended. A good balanced RF
signal 1s required to minimize the feedthrough to the output. LC
bridge circuits can be used, but the bandwidth 1s limited. A
transformer is a good choice for this, but bulky and bandwidth is
still limited.

= A broadband single-ended to differential conversion stage is
used to generate highly balanced signals. Gm stage 1s Class AB.
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Active and Passive Balun

L Iout(‘)

l_YBiasE

;| I_}"Bias?_

UC Berkeley EECS 242

l Lout(+)

7,2

7,2

in

—
—

’WJWW——__L
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Bleeding the Switching Core

Bias VDD VDD

i ﬁmé__g saps

I
LOin [: :] T [:‘M;;M‘,f_] }aﬁ Bias
! Bias ’—_‘
é 00—t
= Los Laa
Bias | [_: RF—] [:M4 = j R [:
Lsa
Bias
V
LO Buffer Mixer Current Bleeding Circuit

= Large currents are good for the gm stage (noise,
conversion gain), but require large devices in the switching

core =2 hard to switch due to capacitance or requires a
large LO (large Vgs-Vt)

= A current source can be used to feed the Gm stage with

[3] J. Park, C.-H. Lee, B.-S. Kim, J. Laskar, “Design and Analysis of Low
eXtra Current Flicker Noise CMOS Mixers for Direct-Conversion Receivers,” IEEE
Trans. Microwave Theory Tech., vol.54, no.12, pp. 4372-4380, December
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Current Re-Use Gm Stage

UC Berkeley EECS 242

AAA  VBIAS2
| |
Vio() | |
. /N
Io1 o2 Via
— -—
—eo -
I=To1 102
- \/
Vio(r)
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Single, Dual, and Back Gate

VBias

l Tout l Lout

vBias M4 -
Vio
—\fQ Cl) l IOUT

M1

VRF
Follower >—s
® - N
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Rudell CMOS Mixer

120/0.8EI I:l
| |
M M1l I iz e
] Ccomp
‘ M9 | M10
Voem o—t——][M13 M14]}|—— S e T
Vout+o—v T, T —e - Vout
M";:”_I 6/0.6
v, 4006

—o—1—|[¥s  mel=[w MI—I

Vbias1 M3 I
o——o M4
100/0.6 L
Vin +o-erggi LN M2]|—o - Vi

CPIGain CP'CM IBias Cb 2.4mA

= Gain programmed using current through M 16 (set by
resistance of triode region devices M9/M10)

444l ‘mo]ja4 ‘Keln Y [ned pue
HAA] ‘1oquid I 1uapNIS “UOP[IA\ 'V ASLJO[ ‘URLIG 00SURL] ‘FHAI ‘Loquidjy 1uapnis Uty 931090

‘GAAl “oquiply <0y YeySunkg Sewoy ], ‘FAAI “oquap uapms ‘“NQ UUNI[-vIf ‘FAF] “Loquiojy juspnis ‘T[OpNY *D sanboep

suonedrddy ouoydo[ay, SSOIpPI0)) I0J IOAIIY
SOIND UOISISAUOD) I[qno( AT pued-opIM ZHD-6'] V

= Common mode feedback to set output point

= Cascode improves 1solation (LO to RF)
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Passive Mixers/Sampling

LO
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Sub-Sampling Mixers

Input Spectrum

Output Spectrum

NHNNM

m—f—m
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Triode Region Mixer

Vre(H) Vre(-)

—— |
||

—— /__ A~
Vio() > V()

+ . -
Vio() - o
V()
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Improved Linearity

g ™

LO, HIGH — M2 || M3 > Cascode To improve M,, apply

Amp local series feedback
L, M1
RF
-

Z = joL
¢ |
Provide input matching and t
feedback ~E % |
= No DC headroom sacrificed il Zs

L
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Recap: CMOS Mixer Operation

Mo J =] —] =F(V (f)l +i)
A s S

oF ;
I;O zF(VLO(I)alB)+aT(VLO(t)>]B).lS T
| B
M R N S
Pl(t)= gml(f)‘gmz(t) Periodic

gml(t)+gm2(t)

\ Fourier Series expansion

P, =0 PBl)= —Pl(t +TL20)
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