ECE695F RFIC
Prof. S. Mohammadi

Mixers
Down-conversion Up-conversion
LNA  Mixer IF Amp PA
N~ RF IF I~ IF RF
I/ I/
LO LO
VCO VCO

important aspects of mixer

* Conversion gain (loss) = Gc¢

Ao

mixers can be passive
so they may show
loss rather than gain

(sometimes passive mixers are better in terms of isolation, linearity, NF)

IF . : :
=——  ——>»  conversion gain can be in terms of

GC
RF voltage, current or power

consider a multiplier function :

(A cos a)RFt)(B cos a)wt) = A—B [cos(a)RF —W;, )t + cos(a)RF +w;, )t]
e/
IF f
high frequency term
that will be filtered out

AB/2 B 1
G =——r—=—=—of LO amplitude
c P 55 f p

voltage \ ,

\V you expect that conversion gain
be a function of LO power!
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* Noise figure

@ 0]
— 2 ~ i ~ NF definition is tricky because
the noise present in both @xrand
|_| T |_| Dimage band will be down-converted
= ' to IF frequenc
a)image a)LO a)RF q y

side bands 4)

—> most frequently the data (signal) we are interested is at ~ wgfrequencies.
But the noise comes from both @zrand  @inge frequency bands this

type of noise figure is called single side band NF

— ifdatais actually on @,. and @®,,,, then we can define double-side-band NF

DSB NF is typically 3 dB lower than SSB NF

NF of mixers are typically much higher than LNA §

if it was low we would not have used LNA

typically SSB NF : 10 ~ 15dB

The reason it is high

1) Noise from frequencies other than RF frequencies will contribute
2) mixers often use switching elements

a switch transistor operate between active (saturation) and off state

in linear/sub-threshold state, the transistor is very noisy
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* Mixer linearity

mixer itself is a non-linear element, so what does the linearity of a mixer means?

IF

G.=—
¢ RF

<«— this gain should be constant

as you go to high input power (RF 1) gain
starts to drop (saturation)

\ we can define  * 1-dB compression point

*1P3
IP3
IF output 1dB comp. ry
power point — 4

—>» 3rd order
IM term

RF input power
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* JIsolation in mixers

RF_ X\, IF
%/’

LO

ideally you want

@ IF terminal only [F ———5  not a big deal since you can
and not RF or LO filter RF or LO

@ RF terminal only RF

RF > IF
and not IF or LO 4\’ QQ ’
IF —» can be filtered but LO presence IO
is a problem since

LO —> can leak to input —> radiate
from antenna

can result in self-mixing —» dc term

(that is not really a dc)

@ LO terminal only LO
and not RF or IF

\ filter
usually weak signal

unlike LO, but it can also cause problem

RF/LO isolation —>» 40~ 60 dB is desired
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mixers using non-linear devices

Mixers multiplier-based mixers

sub-sampling mixers —» sample RF at much lower freq.
(LO does not need to be high-freq.)

AW =
VRVEVE IRy

noise at sampler input folds into the IF band

\_} these type of mixers are very noisy
SSB NF ~ 25 dB

Mixers using non-linear devices

Ve =Vir COS(wRFt)+ Vio COS(wLot)+ V bias

C L
VRF VLO V I/out = VDC + Vfund + Vsquare I/cross
out
Vo T Vfund =C, [VRF COS(wRF[)+ Vio Cos(a)u)[)]
Bias
L Veuare =G5 [VRZF cos’ (wRFt ) + VL20 cos’ (a)LOt )]
I/out = Cl I/in + C2 I/uf

Veoss =20, Ve Vio [cos(a)RFt)cos(a)Lot)]

Ccross

\’ cos(wt)’ = % [1+ cos 2¢t]

cross C V VLO[COS( a)LO )t + COS(wRF + a)LO )t]
G = SLLAA =GV
RF
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to isolate RF and LO better (still not very well isolated)

iD - kQ',_I;V [VBias + VRF Cos (a)RFt)_ VLO cos (a)LOt)_ Vn’ ]2
transconductance k'w

. Ge =
{ZDJJ 2L
VRF

long-channel MOS are more nonlinear

VLO

than short-channel devices (velocity saturation makes them linear)

\ Long-channel MOS are better for mixer applications

Multiplier-based Mixers

* better performance than non-linear mixing
as you can get only multiplication function
and less other harmonics

* separate port for LO, RF and [F —> better isolation

* well implemented in CMOS since CMOS is a good switch
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—>» Single balanced Mixer

+iD1 iD2+

—> gilbert-cell mi
V.., cos(@,yt) gilbert-cell mixer

4/ I+ 14 cos(aJRFt)

VLo
large enough
such-that it
commutates the
different pair

(switch them on

and off alternatively)

Lo = ipy —Ip =5gN [COS a)LOt][IBias + 1 - COS a)RFt]

VLO
Ny contains
sgn(V,,CASw, 1) odd harmonics
of LO
iDC NNAN N N\NN N NNN N N\NN N N\NN
VVVV VVVV VVVV VVVV VVVV
iDl
AVAVAVAY AYAVAVAY AAVAVAY AYAVAVAY AYAYAYAY
iDZ
AVAVAVAY AYAVAVAY AYAYAVAY AVAVAVAY AYAVAVAY
iUu/
AVAVAVAV AVAVAVAV AVAVAVAV AVAVAVAY AVAVAVAV
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Do — Opp %) W+ gy 30,0 = e 30,

3w,, + @

since LO +it% odd harmonics are present at the output
this type of mixer is referred to as single balanced mixers
* to make a linear 7, +1,.COSw,.t  Weneed a linearized transconductance stage

example of single-balanced mixer with linearized transconductance

IF output
switching
stage }—‘ ] assuming perfect switch
LO under hlgh LO signal

perfect square wave
fundament amplitude

S
2 Ve B WV-H | A
=— sq. wave amplitude
T

converter
L S

RBias
V ias \
B is preferred over R

asithas * lower noise

* better for low-power
low-voltage

* gain at harmonic

2 2
- g
C g m —h m
transconductance 4 7 ﬂ[l ~@’Cy L +j a)(LSg w T RsCy )J
I IF / VRF j
transconductance

of V-1 converter
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Double balanced mixers

removes LO at the IF port

two single-balanced may be combined to remove LO

IF out

V.o e +13pCOS@y,t I, =1, COSwp,t

can give 60 dB/ LO-IF isolation

use a linearized transconductance stage
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or use minimum supply headroom by using an LC tank instead of I vias current source

Complete CKT : IF out

oL I———L

Ry/2

W
Bias

VRF VBias ?_—l—
R S / 2 RBiaS

=l

1

1/

Noise figure of gilbert-cell mixers

—> mainly NF of V-I transconductance stage
+ 3dB (since ¥ signalis at (w,, + @, )
+ additional noise in the switching stage

+ noise of LO

Linearity of gilbert-cell mixers

— mainly linearity of V-I transconductance stage

(almost same IP3 or I-dB compression)

as long as LO switching stage is close to ideal switch
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More on linearization

Predistortion

— combine to non-linearities such that they cancel each other

_.L_,L_,

Negative feedback

—> closed loop bandwidth is smaller than
inherent bandwidth ~ —>»  makes the ckt slow

4 < A(V) >V,

out

you have to wait for this cycle

such that error signal is meaningful
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Positive feedback (feed-forward)

— as long as you do not have gain you can use

the feedback without being worried about instability

Example

Cross-quad

VBias —| M3 M 4 l— VBiaS [ VA = VBiaS - (Vgs4 + Vgsl)

VB = VBias - (VgSS + Vgs2)
M1 M?2
A B
s Iy, It Vs =V since
Bias Bias
Vgs2 = Vgs4 they

have

same
Ry Vi current

Substitute iin with —WA+H)— «— V=V,

—> i, =" as V,=V,

—> perfect transconductance stage
with linearity of a resistor
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cross-quad
transconductance
|_. Vm'_|
alternative
connection
for W
cross-quad J s ,
transconductance Bias Bias

Alternative feedforward linearization technique

MOSFET cascomp

gy —
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Potentiometric Mixers

Unlike Gilbert mixers(transistors as switch), use transistors as variable resistors

Vs varies with LO
Vgs is controlled by RF

Vio

¥y

AY

[ =

kw
~Vio —(

Ve =V — VLO) = kV, oV e

VLo
v i
RE _| ™~ Variable

resistor

-

VRF+ |—l

N~
Operating at [F (Low frequency)

:

IF

5

T

5
H A

*

- Good linearity (ITP3~40dB)
- High noise (NF ~30dB) : due to resistive operatior
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Passive double-balanced Mixer

Passive Mixers —> low power

Switch RF signal directly in voltage domain instead of curren

\ driven by local oscillator

Rs/2

LO+—||: :||— LO-

VRF@ ¢ IF —¢

LO- —||: :||— LO+

Rs/2

~-3.9dB > forsquare wave
LO drive

6.2
Vs

<) In practice conversion gain is lower
due to transistors finite switching time

For sinusoidal drive conversion gain is actually highe:

G.=2~-2.1dB
4
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Alternative approach >  low-noise passive double-balanced mixer

Rs/2

2
T

;{ LO+—]| IF :| |- Lo-
Vir (0) _L—’\N\/— p— |—l—

Rs/2

Narrowband matching=> L-match can boost IP3
(trade conversion gain for IP3)

- 1IP3 ~10dBm

- NF ~10dB

- Nodcbias = no 1/fnoise = good for direct conversion receivers

- to decrease LO power, resonate input caps with inductors = narrowband LO power ¢ 1/Q?
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Some typical single-balanced mixers in literature

VDD
!

L
%——T Lo+ —] |- Lo-

RF—”:l
—

transconductance switching

Change nmos to pmos and vice versa

VDD

.t

More linearized transconductance

VDD

VDD
J_ [E.%
LO+— |- Lo-
]

~\ LT

for linearization

—t—
—_—
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Current source instead of the tank (wideband frequency

VDD VDD

Bias—|

IF

o

Inverter as transconductance
VDD

M‘Eii Lo+ -

Linearization using feedback
VDD

I

AAA
VvV
AA

vy

RGl  RGI
IF- —4———AM—¢—W——¢—o [F+

PR

LO-
VDD
RF ,_i_{ a
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N
VDD

——
prmm—

current bias
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VDD

VVv
AAA
VVV

VDD

AAA

VDD

LO+—] R__r] - Lo-

ﬁ;/

output buffer
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