Analog multipliers

u,, Uy, — input voltages,
kq, = 1/Eg — scale constant,
Eg — standarization voltage e.g. +10V, -10V.

General types of input ranges

- one-quadrant—u, and u, >0,
- two-quadrant—u,>0and u, >=<0,

- four-quadrant—u, and u, >=<0,




Types - principles

- Modulation ( +voltage variable resistors),
- logarithmic amplifiers,
- squarer,

- transconductance.

Errors

_ qu). _ uxu),
=2 +A= 1+ 9
uout ER + . ( + 0)

A, 8, — absolute and relative error.
Parameters:

- fa48 — cut off frequency ????,

- f— 1% error frequency of amplitude,
- fy — 1% error of phase,

- SR —slew rate




1] Pulse with modulation multiplier
. properties

High accuracy: 8y = (0.01...0.1 %), f3q = 1kHz, SR <0.7V/ms.
Limitations:

- Turn on and off of the switch should by much smaller than the period,
- frequency of low-pass filter much smaller than the working frequency.
General:

- High accuracy

- Small bandwith

- Complicated - expensive
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Logarithmic - exponential amplifiers
arbitrary function amplifier

Diodes are working as switches:
Uc—1iR > Uy

G = 5
Uiip S &l

= G+G,+G+ G,
G
U,y <u,< U,
G+G,+G, p1=10= Up
< Uy
o




Multipier with
logarithmic - exponential amplifiers

N =exp(1nux +Inu, —lnER)Z ; *oda uu,E, >0

One-quadrant multiplier.

1 —quadrant /
multiplier

Logarithmic - exponential amplifiers

4- quadrant extention

for Eg > 0. u:m, =2
Eg
where:
u =Eg-u >0
u,=Eg-u, >0
E,—u)|E;—u, u
uuw:( . )( £ ):ER_uw_uv-'— —
E, ©E,
finaly:

U, =, ~Egtu +tu =

out out




Uktady mnozace wykorzystujace

operacje: logarytmiczng i wyktadnicza

Input voltage range: 10V
Accuracy (5, =0.1...0.5 %),
Bandwidth up to 250kHz
SR < 0.5 V/ps.

Multiplier with squarer

A,*uy

= Multiplier with squarer

Squarer:

« arbitrary function amplifier (linear approximation),
« FET or MOSFET (input characteristic)
Properties:

« Error 0.5%,

* SR<3V/us

o fyp <2 MHz




L] Transconductance multiplier
' - two-quadrant

Transconductance multiplier

iﬂ(uy)= I, +g,.u,

u
u,, =iyR.tgh—=
out OCg 2¢T

u

tgh=tm= o || << 2,

26, 24,

ui,
2¢,

u u
Uy = (10 +gmuv)RCtghﬁ = IoRcﬁ*'ngc




Ur =or

Ur =or

Ur = or




= 4-quadrant multiplier

4-quadrant multiplier

; ; Uy . u, | _r. _. u, |_
lo = lsfgh[g) —lsfgh[gj =(is _ls)fgh[2¢ j =
T T T

e
20, \2¢,) 4gr "

<¢,

for: ‘u

x’uv

Napiecie wyjéciqug[ukdadu dane jest zaleznoscia:




L 4-quadrant multiplier
‘ linearization

Very small input voltage range
Can be eleminated by:
- Gilbert cell,

- additional Rg

Tietze, Schenk

L 4-quadrant multiplier
after linearisation

+10V | Uity

u\@:’vvz 107 o
Uy z 5
0 = 0|
—6

10/

o - 107 L [
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Hyy
o— 4-qudrant
multiplier

%,
©0—=— 4-qudrant /
| multiplier

“Z%,

ity zlv/\?IQ(,[ 5 —u,]

Analog IC multipliers

IC Type Manufacturer Accuracy Bandwidth
without with 1% 3dB
adjustment adjustment
MPY 100 Burr Brown 0.5 % 0.35% 35kHz 0.5MHz
MPY 600  Burr Brown 1 % 0.5 % 60 MHz
AD534 Analog Dev. 0.25% 0.1 % 70kHz 1 MHz
AD633 Analog Dev. 1 % 0.1 % 100kHz 1 MHz
AD734 Analog Dev. 0.1 % 1000 kHz 10 MHz
AD3834 Analog Dev. 2 % 500 MHz
AD835 Analog Dev. 0.1 % 15MHz 250 MHz
MLT04*  Analog Dev. 2 % 02 % § MHz

* 4 multipliers on 1 chip

Tietze, Schenk

Analog divider

]

U = U,
lour = Ux E.R, R
° __uy R
Uoyr = 7;ER
iy K

Upyrlly | U,
ourly L 17 —
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Uour

T

Ugyr =ty sgn(ity )




Triangle - sin transducer

Triangle:

ur ()= (-1) %(m YR s | O V3 |

SIN Polynomial approximation:

U, sinar = U,,,[az _w), (@) —}




= Small signal phase detector

Gdy ¢=0

Must be ¢=0

Avarange detection (no envelope)

Synchronous detection
lock-in-amplifier

G
)
N

\\,,
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1. Types of analog multipliers

Pulse modulation
Log/Exp circuits

«  With squarer
« Transconductance (2-quadrant; 4-quadrant)

2. Applications
divider

Square root

Rectifier (abs)
RMS transducer

« Triangle — sin transducer
Phase detector (to be continued)

Synchronous detection & PLL

Synchronous detection

For

Ujcos(w;t) and U,cos(w,t+@)and U,>>@;

U _|Ucosp dla w=w
oA o da @#w

For

Ujrec(w,t) and U rec(wt)

U _|Up-m12) dla w=a
[\ 0 dla 0.1#!4&

SIS
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= Small signal phase detector

Gdy ¢=0

Analog multiplier = phase detector

LJOUT, AV

S
hS]
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LJOUT,AV \

[SEEN
hS)

N A | B
~— =) >
“ | | ExOR (albo)
Ao
I Il I L L
Uwyj $rednie
| 2 )
2

Synchronous detection

G

BON

\\,,
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= Synchronous detection

Multiplier == synchronous detection

N\,

Object reaction
to input signal

Filter B~1/RC

S [ Object | M RCis10s => /
= I uT

B equivalent 0.1Hz

' Synchronous detection

» Synchronous detection
« Homodyne detection
 Lock-in amplifier




Synchonous detection even if ¢=z0
»quadrature detection” ,,1&Q detector”

I =Acos(9)
(-y

\ 4

¥

Lcos(at) Myttt

RS

.

\4

(')2 /
0 = Asin(@) /

(+9)

OA

UOUT.AV

&4 Synchronous detector
example: AD630

CMOFF  GMOFF DIFFOFF DIFF OFF
ADY DY AD) ADJ

A
CH AL
cHa- @

BB @

CH B (3
cHE-

SELB
SELA

1ov

(T ATERL AT, A7 -
1112 St A

Modulacja DSB-S.C. !!!
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> PLL >
U,y = Asin (@) +9) Uy = Asin ()t + @+ @)

PLL

« Synchronize to fundamental frequency or
(not always) to harmonics,

« |s able to keep generation even if input
signal disappear,

« Input signal can be disturbed(in phase or
amplitude),

« Can extract signal from noise (like
selective filter)

PLL - block diagram

qDin(s)
Det. fazy | Filtr VCO
k[V/rad] | HE)vv k{rad/Vs]

—

u
T f Douls




U, = Asin(ar+®, (1))
D, (1) D, (s)

U, =Asin(ar+®, (1))
® . O=D,  (5)

»Phase signal”

Asin(ayt + (1)) = Asin(®()

wit) = L0} z  definicji
dt
wit)=aw, +ku(t) z "potrzeby"
o) _
o @y +ku(r)

(1) :j(@, +k/u(1))dt =t +kfju(t)dt
0 0

VCO as integrater

k/
() TU (5) In Laplace transformation
| integration corresponds to
division by s

PLL - diagram

()] (s) k,
G, (s)=—2X) =k H(s)-L
%0, () T
inc) q>nut(s
Det. fazy | | Filtr | VCO N
k [V/rad] | He)vVI k{rad/Vs]

Uy
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Typ of PLL system

P k numerator(s)
Gopentony () F—2- =k~ H (s) = ,W—(
P, s s°7° (polynomial(s))

Type = the multiplicity of zero pole of transferr
function with open loop

o Do(S)
Det. fazy Filtr [~ vco
- > >
kq[V/rad] H(s)[V/V] kglrad/Vs]
u
t wose ;
Gwm(s)E%_ k,k H(s) _ numerator(s) _ numerator(s)

[0 T+ kk H(s) - denominator(s) g 4 rest(s)
Order of PLL=

Order of denominator of tr.fuc. with closed loop

9| Phase detector
sample-hold circuit

wtt—i:lﬁ§ —eowy
sl

U,
Upav = ;ZI_N cos(¢)

SIP
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-

oo e o

i) Phase detector
EXOR gate

Phase detector
switch (multiplier)

U, =U,, sin(ar)

WE Wy
oy o~ N
st / N \ /N
1/ \ 7 N 7
Y N AN
|

L] Phase detektor
N switch (multiplier)

Ry
Bl
[

1 [
UOUT,AV = []01N¢/2 -
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Direct modulation
VCO- Voltage Controlled Oscillator

\ee Q= 1
2/ LC
Cc= G,

Q=Q, +f(m(n)
h Nonlinear function !!!!!

PLL = LP filter

Hsy=_ 1 TRCs
1+(R, +R,)Cs
IC

R1

H(s) = 1+R,Cs
RCs

PLL funkcja przenoszenia uktadu z petla

otwarta
~ R1 ~
?RZ Goule) = RC_(fuly
1+(R, +R,)Cs
C

5

Type one

k k
G ()= \TRCs heks

”
o RCs s

Type second
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,=RC 1,=R,C K=kjk,

w,,(Zf -%)s o}

Gn(s) = W

Second order

Aa, =2¢a,
A, :%\ Kéw, _w:
)
¢ 28a)

7,=RC 1,=R,C K=kik,

+
G...(5) :M
s?+28w s+

Second order

PLL - response to input changes

®,,(5) =G, ()P, (5)

out E

®,, () ®,,(s)
= 4%,
o= dt

Skokowa zmiana fazy q)m (t) - A¢ (Dm (s) = L¢

(np.. PSK impulsowa modulacja fazy) s

Skokowa zmiana czgstotliwosci A
(np. FSK impulsowa modulacja D, (1) =Awt P, () ==
czgstotliwosci) S

Liniowa zmiana czgstotliwosci _ 2 74

(np. modulacja ,,chirp”) q)m (1) = Aot ¢,,,(S) = F
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U
Wy + Ao
ke
P, P P, Py P,
? @y ;
Wy —Awe
kg
‘ 2Awc
Capture range
2A0r
Lock range

tu kg =k;

PLL synchronization process

up ! Open loop —»« Capture process

AU A
VY

<

‘{\ t

A
y

PLL applications

« AM demodulation
¢ Modulation and demodulation of FM i PM
» Frequency synthesis

» Synchonous detection (reference clock
regeneration)

» Telekomunication (clock regeneration)

28
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4046 features

Characteristic Using Phase Comparator 1 Using Phase Comparator 2

No signal on input PCAjy VCO In PLL system adjusts to center VCO In PLL system adjusts to minimum
frequency (fo). frequency (fp).

Phase angle between PCAy, and PCByy 90° at center frequency (fo), approaching | Always 0° in lock (positive rising edges)

0° and 180° at ends of lock range (21,)

Locks on harmonics of center frequency. Yes No
Signal input noise rejection. High Low
Lock frequency range (1)) The frequency range of the Input signal on which the loop will stay locked If it was.

Initially in lock; 2f, = full VCO frequency range = fymax = fmin

Capture frequency range (2fc). The frequency range of the input signal on which the loop will lock if it was initially
out of lock..
Depends on low-pass fiter characteristics fo=1L

(see Figure 3). fc = fL

4046 features

Charakterystyka Detektor | (efor) Detektor Il

Brak sygnalu na wej

Przesuniecie fazy we/wy 0do 1600e9 g::u'cach 2 0deg
Syn. Do harmonicznych synchronizuje Nie synchronizuje
Odpornosé na szum duza mata
21, (trzymanie) fme~ T
21, (chwytanie) 1, <1, (zalezy od filtru)

FM demodulator

u(t)= Ak—fm(t)

—»{ Det. fazy |»| Filtr VCO
A

in (t) f(J +m(t) Af f

(1) = fo+rn(t)mf~ uity ="

o (1) = fo +u(®) [k

m(t)
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Syonat FMo___ |
f, =10 kHz

Zrédto 10  Wymez
sterowane

' AM synchronous detection

Det. fazy|[»[ Fir P vco >
A
AN [ foue

R

to L

T’
A\ 4 A O—T—O
ot 10

S

4046 AM demodulator
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@l PLLIC
LM565 (do 500kHz)

Dual-in-Line Package
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REFERENCE 6] 1ILE_ TminG
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VOLTAGE 12 1J RESISTOR

D8o0TEESY

________

__________




NE564 (up to 50MHz)

NE567
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|k |—>|Det fazy|»| Fitr | VvcO T

n

fou/N

Jir = Jou >
fout__ in

ADF4360-7
(350-1800MHz)




9| Summary
synchronous detection and PLL

« |ldea of synchronous detection

» Double balanced mixer

o | & Q detector

» Examples of (phase detector, VCO, filter)

 PLL principle

» What are lock and capture frequency
ranges ?

» Applications (AM detector, FM detector,
frequency synthesizer)
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