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Previous Topics

Basic Amplifiers
* Biasing schemes

Low-Noise Amplifiers
» Concepts
* Resistively terminated
* Parallel feed-back
« Common gate
* Inductively degenerated

» Wide bandwidth - - low noise ?? ->Noise cancelling

Power Amplifiers
» Concepts
* Current mode: A, B, C
« Switch mode: D, E, F
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Mixers

Focus on specific RF IC mixers

Channel

....................... select ... «  Down-conversion (RX)
Pre- (A1  Up-conversion (TX
select ‘@%_\ D ! P ( )
/\ {> S @LO TX and RX mixers are quite similar
‘ - RX only for simplicity
A
o R
| Active mixers (Gilbert cell)
« Passive mixers
Nl « Advanced cases / examples
Exercises & Homework
oyl . Self-accesg learning material
« CAD-exercise
« Homeworks
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Ideal Multiplier / Mixer

Acos(o;t) i)@b S()
ALo
Bcos(w,t) @

-

\_

S(t)= Acos(ayt)Bcos(m,t) = %(cos (@, — @, )t +c0s (@, + @, )t)

down-conversion

)
up-conversion

J
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Ideal Multiplier / Mixer

Acos(o;t) i)®—) S()
ALo
Bcos(w,t) @

4 R
up-conversion

S(t)= Acos(ayt)Bcos(m,t) = % (cos(a, — w, )t +cos (e, + o, )

\_ down-conversion Y,

"mixing” = multiplication in time-domain = frequency shift in frequency domain

Any nonlinear element can act as a mixer

Sl ——
S — _/_ R SOUTZf(Sl,SZ)
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Reminder: [IP3 Analysis

« Nonlinear circuit with 2" and 3" order nonlinearity

y(t) = o X(t) + X2 (1) + X3 (1)

* Inputs: A;cos(m,t) + A,cos(m,t) — Output

cos(a,t)

1 3A° +6AAS 3AS + 6AZA
Vot (1) ==, (A_L2 + A§)+ a A+ o A MR cos(ant) +| oAy + 5 2 OA Ay
2 4 4

+ Lo, A7 cos(2ant) + 3 ap AZ cOs(2w,t) + oty A cos(3ant) + L oty A cos(3w,t)
+ o, A A [cos(ant — @t) + Cos(ant + @ot) | + 3 s AP A, OS2t + w,t) + 3 as A A] COS(@nt + 20,t)
+2 a3 AL A, C0S(2ant = wt) + %a3A1A22 CoS(2w,t — ant)
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Concepts

Conversion gain =V g/ Ve

Noise Figure
— Single-sideband (SSB)
— Double-sideband (DSB)

Linearity W, —>
_ P2 ®, —> —> (20, ;) - © 0
— 1IP3; in-band / out-of-band o

LO

Compression point (ICP)

Port-to-port isolation
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Mixer Noise Figure; SSB

Signal
Band

Spectrum at X

Thermal
Noise

Rs x
<g>—> Y
+
Vi é !
= ®10

Spectrum at Y

 In single-sideband mixer (fg # f, o)
— Noise is on both sidebands
— Signal is on ONE sideband
« The NF of "noiseless SSB mixer” is 3 dB
« Heterodyne receivers: image filter before mixer
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Mixer Noise Figure; DSB

Signal

Spectrum at X Rand

Rs x
( % >—> Y
+
Vin
- Spectrum at Y

W0

Thermal
Noise

* In double-sideband mixer
* Noise is on both sidebands
* Signal is on both sideband
* The NF of "noiseless DSB mixer” is 0 dB
* Valid parameter for direct-conversion receivers
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Simple Mixer Example: MOSFET Drain Current

MOSFET drain current with two input signals:

KW
lps = 2nL (VGSO =V +Vee +Vi0 )2
KW 2 2 2
= T (VGSO _VT) o Z(Veso _VT )(VRF +VLO)+VRF TVt 2VRFVLO
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Simple Mixer Example: MOSFET Drain Current

MOSFET drain current with two input signals:

KW
lps = 2nL (VGSO — Vi +Vee +Vi0 )2
KW 2 2 2
= T (VGSO _VT ) - 2(VGSO _VT )(VRF +VLO)+VRF TVt 2VRFVLO

4 A

The output includes

« DC component

« Feedtrough components 1

« Distortion components '

« Mixing product components I ] I I

LO RF 2LO 2RF

DC
k RF-LO RF+LO /
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Example: MOSFET Drain Current

—¢ OUT
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Example: MOSFET Drain Current

Three "modes”

« Good amplifier, bias=0.6V
 Switch,’class-C”, bias=0.4V
« Resistive mixer, bias=0.8V

Conversion Gain [dB]

-405.05 0?1 0.I15 0?2 0.I25 0?3 0.I35 0:4 0.215 015
LO level
A” Department of Electronics and Nanoengineering Integrated RF circuits
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—¢ OUT
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Cascode Amplifier = Mixer

—¢ OUT

N /

load

—

Lf Switching

| > stage

Input stage
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Cascode Amplifier = Mixer

/ % \ * Active mixer = conversion gain >0

—® OUT » Poor port-to-port isolation
- - What to do ?
Lo +—]

)
8
load
3
)
¢ o
4 Switching r
| > stage 18f
-18 :
10° 10" 10°
Input stage LO level
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Single-Balanced Mixer

RFM RFM
LOM LOP
IFM IFP

Lop +—] — Lowm

RFQ—'

* Differential LO signal - differential output w/o RF
* Rest of performance essentially same as previously

» Differential LO cancels out RF; how to cancel LO leakage ?
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Double-Balanced Mixer (derivation)

RFM RFM RFP RFP
LOM LOP LOP LOM
IFM IFP IFM IFP
® @ ©), O)
LOP — —+ LOM LOM +—] - Lop

RFP o—| RFM o—|

* Differential LO signal - differential output w/o RF
* Differential RFsignal - differential output w/o LO

How to combine ©® @ ® @ ?
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Double-Balanced Mixer (derivation)

RFM RFM RFP RFP
LOM LOP LOP LOM
IFM IFP IFM IFP
® @ ©), O)
LOP — —+ LOM LOM +—] - Lop

RFP o—| RFM o—|

* Differential LO signal - differential output w/o RF
* Differential RFsignal - differential output w/o LO

How to combine ©® @ @ @ ? mmp (O+0Q) — (D+®)
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Double-balanced Mixer (derivation 2)

2 2

LOP +— — LOoM Lom+—] - Lop

RFP o—| RFM o—|

* Independent RF transistors have poor matching
—> Differential pair helps
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Gilbert Cell Mixer

: R

IFP

IFM

LOM

Quad

RFP 0—| |—0 RFM Input stage

bias —|

Gilbert cell mixer was the work horse of RF IC transceivers.
It dominated until some problems appeared ...
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Gilbert Cell Mixer

: R

IFP

IFM
LOM

Quad

RFP 0—| |—0 RFM Input stage

bias —|

Gilbert cell mixer was the work horse of RF IC transceivers.
It dominated until some problems appeared ...
This circuit needs a high supply voltage.
Low-voltage versions have poor characteristics.

A!!
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Gilbert Mixer, Examples

RL1 [] —L—cL1 cL2 —— ﬁ RL2

ouT- o——4¢ +———O OQUT+
L N S
LO+ o

RF+O—||——||:M1 Vb M2:||——| IioRF-
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Gilbert Mixer, Examples
VDD BB

- -
R1z 2R2
< Y

VDD vDD

EI e P2 IF, IF. IFg, IFq
o o o o

o) -
LOy LO,, |LO, | LO,. | Log| Lo, | Lo,
I AL AL A "0 Ok
RFinp ——1C T———RFinm .
off-chip | | off-chip
Lin :CIN Cin : Lin
RFyy, o~ | | —nP— RFy
| |
| |
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Passive Mixers

WHY ? Demand for low supply voltage and high linearity
—> Gilbert cell and its variants do not work well

2 2

Lop +—] - Lowm LOM +—] - Lop

RFP ._||: RFM ._||:

If we ignore DC bias matters, would this work ?
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Voltage-Mode / Current-Mode Passive Mixer

LOP LOP
hd
RFP
R *
LOM RF .
RFM
T
LOP LOP
* InputV,, = output V * Input [, = output I,
* Rps(ON) << Zin * Requires |-V converter (TIA)
—> high imp output buffer - low imp output buffer

|dentification of voltage or current-mode mixer may be difficult and even
unnecessary; Main feature is that no DC current flows in the mixing FETs
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Active / Passive Mixer

LOP

hd

IFM IFP /‘I

LOM
LOP ¢ |__$_| |-eLOP RF . 9 LOM ¢—
RFP ¢—] |- RFM \_I

bias 4& |})_p

Passive mixer is just a "folded” version of active mixer

* In an active mixer DC current flows through the switching quad
- CG FETs provide gain but also contribute to noise

4
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Principles

”’current re-use” ”’low voltage”

IDC

¥

C |> signal

IR
B

™

signal - | A

\Z

IDC
v

signal > lA|l=|B|—=]|C|- signal
v
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Passive Mixer, Use Case 1

o RN | >
RF LNA> T I —
° - —H— BASEBAND | |
L
LOI — 5 N
/| BUF 4 I \
f /LLoc | ) \
[ \
7 \\ L / I \
A7 ] \
I: N [} \
U_D Q D Q ;I ’ "=, i \ I !
T Il
R WA
—f— L NG
IN
°_|| 4 A Q
<-I— ————————————— > —t— p—-=O
DIV2 IQ GEN | + —
MY
—1L Il
L7 Il
\___—
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Passive Mixer, Use Case 2

OFF

—
MIXER
W" A f TIF TIF TIF
LO | OFF/ON | OFF/ON | OFF/ON
[ 7( — lout LO Freq (GHz) 2.4 4.0 5.3
Driver
Gain (dB) 42/40 43/41 42/40
R |® /
< IIP3 (dBm) 11/-5 1315 1147
| / 1/ Blocker ICP (dBm) 20-15 | 23416 | -23/-18
/ NF (dB) 43/58 | 3257 | 3.9/59
& ‘f TF— | S +< ' [ Qout S11< -10dB (GHz) 2555
,-gll;, } y LO leak (dBm) -85/-63 -56/-54 -58/-56
\ pom— T BB-buffer Idc (mA) 45/53 44/56 46/58
s - Gain Adjustment (dB) 15
SN : """"" K BB bandwidth (MHz) 5-50
DIV 4 -1 - DQLD)’LDO | Active area (mm?) 0.25
4 2 b mmm - - ' -
Loin | |— ::I>’L_I>+ Technology 1.2V 65nm CMOS
" eer
CS-stage
A” Department of Electronics and Nanoengineering Integrated RF circuits

Ratto University Kari Stadius, Saeed Naghavi, Kimi Jokiniemi Sprin g 2023

Engineering



Passive Mixer, Use Case 2

— e — e o —— - — — —— —— e — —— — — — — — ey

Lap Lip
\_ W
[
{1 &1
_______________ _—— > |
| LNAT X = '
| Vdd ~ N :
| ( \
: Ve Ve
| Lap Lip
: ey L |
I Inp Inm am Lim
| o | M P, h P,
| Vss ) 1 .
| Vbip Vbim — — |
S | B L___________lF ___________ 4
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Passive Mixer, Case 3

15-53% duty

|_4 Out - .
DIV A Hilo Principle

172 25%. _[ ] _ Vref

I
Ly
T

Vb3 Vt{il 50%- _F - |:V'ff
T_Vg; o| Bias _ Vref duty
Vb3 of Network|
Vb4 ©f
Vref
o &
S T,
Measured results T 5
m S
S c
2
0 i | I i | i 5
15 20 25 30 35 40 45 50
Duty-cycle [%]
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Self-Learning Assignment 4

Objective is to familiarize yourself with passive mixers.

Read three journal papers and write a reference essay.

You can find the assignment from

MyCourses / Assighments - SLA / Self-learning assignment 4

Return your answer as a pdf-file to Return Box in the same page
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Next Meeting Tuesday 9.5.

Synthesizers

Topics will be

« concepts related to LO / CLK generation

« Synthesis methods
* Oscillators

* Frequency dividers
* |Q generation
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