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1. Fourier transform. Discrete Fourier transform. Some
properties.
2. Time domain and Frequency domain representation of
the data.
. Frequency domain spectroscopy (FDS)
Lock-in amplifiers

Practical application of lock-in's in FDS
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. Taking data and simple data analysis using OriginPro.
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in 1822, Jean Baptiste Fourier developed the theory that shows that any
real waveform can be represented by the sum of sinusoidal waves.

Let we try to create the square wave
as a sum of sine waves of different

frequencies
Square wave.

F=40Hz, A=1.5V \
Jean Baptiste Joseph i
Fourier a0f
(1768 — 1830) B

1 S el
o t (ms)

1/28/%(?15110“.6&[11



A sin(2rot) A, sin(2zet) + A, sin(2z3wt + @,)

1.5 1.5
1.0 1.0
0.5 0.5
0.0 0.0
-0.5F -0.5EF
-1.0 -1.0
-1.5 -1.5

60 60

V(Y (V)
V(Y (V)

A sin(2zawt)+ A, sin(2z3wt+¢@,)+  Asin(2rnot)+ A sinr3ot+¢,)+
A sin(2r5at + @;) A sin(2nSot+¢.)+ A sina7ot+¢,)

1.5 1.5F
1.0F 1.0F
0.5 0.5
0.0 0.0
-0.5F -0.5F

-1.0 F 1.0 F

1.5 1.6 F

Il 1 1 L Il 1 1 1 1 L 1 1
E 0 10 20 30 40 50 0 10 20 30 40 50
t (ms)

1/28/3913n01s.cau

v(t) (V)
V(Y (V)




Discrete Fourier Transform

The continues Fourier transformation of the signal h(t) can be
written as: +oo .
H(f)= j h(te™idt; j=v-1
H(f) represents in frequency domain mode the time domain signal h(t)

Equation for inverse Fourier transform gives the correspondence of the
infinite continues frequency spectra to the corresponding time domain
signal.

h(t):T H(fe 2" df

In real life we working with discrete representation of the
time domain signal recorded during a finite time.
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Discrete Fourier Transform

It comes out that in practice more useful is the representation the
frequency domain pattern of the time domain signal h, as sum of
the frequency harmonic calculated as:

1 N-1 _ h

Hn(k) ~ h ejZﬂkn/N and K

N i
N — number of collected points
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Discrete Fourier Transform

For periodic signals with period T,:

-

Zrmt 2 27znt
F(t _—+ a COS + b Sin

0

-

T T,

a = —j F(t)cos[z;[:t]t b”=T_20-([ F(t)cos[ -
—j F(t)dt:

N
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Discrete Fourier Transform

Now how we can find the amplitudes of the harmonics to compose the square

V() (V)

wave signal from sine waves of different frequencies.

[Time domain signal] [ Frequency domain ]
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Decomposition the signal into the sine wave harmonics. The only
modulus's of the harmonics amplitudes are presented in this picture.

I

illinois.edu



Frequency Domain Spectroscopy

(linear system)

Applied test signal

—

Studied object

Response of the studied system

B;sin(wt)+B,cos(wt

We applying the sine wave signal to tested object and measuring the
response. Varying the frequency we can study the frequency

V,=sin(ot+m/4)

properties of the system
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Lock-in amplifier

Now about the most powerful tool which can be used in frequency

domain technique. ®
Signal
- _ monitor
Slgnal Signal
N ®—1amplifier >
| output
«\ [Low-pass| | DC
PSD filter lamplifier [®
Reference
INn@® 1 VCO > ‘PSD - phase sensitive detector;
“VCO - voltage controlled oscillator

Reference ¢

T out John H. Scofield
American Journal of Physics 62 (2)
illinois.edu 129-133 (Feb. 1994).



Lock-in amplifier. How it works.

Signal /\ -
>

DC output

Reference
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Lock-in amplifier. How it works.

— Signal (Vg) — Demodulator = VgeVy

UL
LRI

time time

— Reference (Vy) - — Low-pass —

T
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Why lock-in amplifier?

Lock-In

amplifier

/\/\/\/\4:3,_%A

Amplitude detector

I

1/28/2013
illinois.edu

13



Lock-in amplifier: f, # T,

[fREF F fSIGNAL]

— Reference (Vy) -
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Lock-in amplifier. Phase shift.

V,,=sin(ot+m/4)
LA
-----  RYARY

¥ ot reference

NN oo
NN\
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o=n/4, V, ,=0.72V,_

———d -

Vsin(ot+e)
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Lock-in amplifier. Two channels demodulation.

In many scientific applications it is a great advantage to measure both
components (E,, E,) of the input signal. We can use two lock-ins to do this
or we can measure these value in two steps providing the phase shift of
reference signal 0 and =w/2. Much better solution is to use the lock-in
amplifier equipped by two demodulators.

E. .=E sin(ot+e) to E, channel
4

sin(wt)

to Ey channel

I cos(wt)
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Digital Lock-in amplifier

Digital interface

|

e.

1p

I t

—— mu -~ ADC - DSP - DAC /»

External reference signal Analog outputs

ASin(at+6) Interr:nal
< Function
generator




Digital Lock-in amplifier

Digital lock-in SR830

Lock-in demo

FET/BIPOLAR
Tl ereduoic MOITOR IN PHASE DAC FAST X OUTPUT
AMPLIFIER |  REJECTION FILTER
: MULTIPLIER
AC GAIN (D.S.P)
X A AB | 7X_ ~X_ AUX DAC
" el o X e ANALOG
OUTPUTS
ANTI-ALIASING B LOW PASS LOW PASS
VOLTAGE
CONVERTER FILTER costl | FILTER FILTER
PHASE SHIFTER LOOK-UP —I e
CRYSTAL ~ TABLE HRISEL S OUTPUT —QO DIGITAL
OSCILLATOR nxF Auxapc O PROCESSOR | (3 DISPLAYS
> nputs Q ADC —O
REFERENCE I FREQUENCY 'Smm O—
INPUT O—— MULTIPLIER cosot ' LOW PASS LOW PASS L _—
TTLREF O ] i DAC B FILTER FILTER DAC ANALOG
A AB OUTPUT
REFERENCE LOOK-UP o Xl |
TRIGGER REF MON TABLE _— CH2
< |z R
DIRECT DIGITAL QUADRATURE DAC gﬁ?‘gﬁ?
SYNTHESIZER Ml{EL)Ts'PFgl)ER 1 w
>60kHz DAC FAST Y/FAST MAG
OUTPUT
SYNC. OSC.
o wms R 7 OSCILLATOR OUTPUT
el —> GPIB-IEEE-488 NORMAL
DIGITAL <: MICROPROCESSOR  CONTROL ATTENUATOR
OUTPUTS —> Rs232
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Experiments. Investigating the frequency
response of circuit.

al(0)

V,-n(&)) = — Vout((’))

Frequency domain representation of the system

_ v
L Response function — H(w) = L
Vin

Linear engineering systems are those that can be modeled by
linear differential equations.
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Typical application of the lock-in amplifier

Receiver

>: 0.4 |
He4 R ‘
Transmitter | \JKNJ\,J L.Jk
(heater) ol
t:(Hz)

AC drive signal
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Experiments. Calculation of the response
function in frequency domain mode.

Example 1. High-pass filter.
Z1

C
o O O—{—J+—O
V) S Voulo) o Talo) | Vaulo)
O O O —O

, , . -~ . . 72
Applying the Kirchhoff = V . (®)=H(®)*V, (0)=V, (0)= (“Z)
Law to this simple network Zl(w)+ Z2(w)




Experiments. Calculation of the response function
in frequency domain mode. High-pass filter.
C

o—| O
More realistic

v Ideal case
in(m)R V(@) /ZR _R N\ /ZR:R"'--- )
O o 7 =jolL Z, SjoL+R,
- 1 J z . 1 . 1
/ = == - - -
KC joC a)C/ \C joC joC+R:

_/

E‘/vout (0)) = I:I ((0) *\7in (a)) =\7in (a)) Zl(;)z-fazz)Z(w) }




Experiments. Calculation of the response function
in frequency domain mode. High-pass filter.

C
o—| O
B | T — time constant of the filter
Vi -
‘ (m)R Voul(®) @ - cutoff frequency
O O
~ 3 . 3 R _ JoRC _ jot __ or N
H(@) = H,(0)+ jH, (o) = 1 TTrjeRC 1+ jar (1+w272)(“’” j);
JoC
where 7 =RC = @ ";
‘lsl (a))‘ = JH2+H*= 2 )= arctan(H (@) ) = arctan(i)
\/1+(an')2 Hy (o) T
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Experiments. Calculation of the response function
in frequency domain mode. High-pass filter.

 ©

cz—|| ©
Vm(m)R Vout(m)

O O

(V)

out

0.2 [

0.1 1l

hi-pass filter: C=20nF,R= 20K

o, 1 _ 1
“ 2r 27t 27RC
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High-pass filter. Fitting.

gt wx - SER BS &

System Variables...

Tools | Format Window Help[ @
Dptions... .
- ’\/out ’\/ln ‘ e H (w)‘ _@ \/ ’

Pratection

Fitting Function Builder...

Fitting parameters: V,, T, vm* Parameters WO tau ot

Farameters | Conztants

Faram | Uit | Meaning | Fized| [nitialValue | Significant Digits

W1 7 [ 1 Syztem E|
tas ? [ 1 Syztem E|
Woff 7 [ 1 System [l

Function Body [Dependent Y anables ; v
p= 02 p a1+ 2 pitau] " 2]+ aff

Fitting function =)

I

illinois.edu



Experiments. Calculation of the response function
in frequency domain mode. High-pass filter.

C

O_| I O hi-pass filter: C=20nF, R=20K

Vin(m) vV
R Voul(®) 60 _ | \ f(w,) = arctan(1) = 45°
O O -

30

f, =398Hz
20 F | \
10

10° 10° 10

0 (°)
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Experiments. Calculation of the response function
in frequency domain mode. Low-pass filter.

R § low-pass filter C=5nF, R=20k0 | low-pass fitter C=6nF. R=20k0
OMAF—O 7w\ 1
Vlo) ——= Voul®) - \\ B \\_/
O . O f (Hz) f(Hz)
1
~ . 1wC 1 1 1- jan'
Ai(@)=H.(@)+jH @)= -1 __ 1 _Q-jer)
Ry 1 1+jwRC 1+ jor (1+w T )
JoC
where 7= RC = @_";
1

. _ H (@) | _ _
. O(w) = arctan( e (a))] = —arctan(wr)

][ ) \/1+(a)2')2



Application of the lock-in amplifier for
study of the transfer function of the RLC circuit.

Lock-in SR830

input FG output
C
Vout(®) ‘ Vin(®@)  Input (A) Sine wave output
= « Use internal reference mode
. . « Do measurements on harmonic nol
Hi-pass filter « Take care about time constant — should

be at least ~10 times larger than period of

measuring frequency
» Avoid overloading of the lock-in
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Application of the lock-in amplifier for
study of the transfer function of the RLC circuit.

—O if R,>>R

R 2 o[ R+jol
(R, J1-®°LC + joRC
C
L _
Vou(®) (1] R+ joL
® O R 2
’ (l—wz]+ijC
wO




study of the transfer function of the RLC circuit

Application of the lock-in amplifier for

4 g
1+ ] —
ﬂ_(lj R+ jol _[Rj .
| R 2 | R 2
0 (1—(02]+ij€ ° (1—wj+jw L

: @ =
wO wO wO Q




study of the transfer function of the RLC circuit

Application of the lock-in amplifier for

4 g )
1+ ] —
H—(1] R+ joL _(R] P
(R 2 (R 2
0 (1—wzj+ijC 0 (1—w]+jw !

wO wg wOQ
ol 1 ®°
( . Jl' ’%(Q‘Q(l"wsn
V)4 {2)
ROk Y

0



Application of the lock-in amplifier for
study of the transfer function of the RLC circuit.

6 é 16587 7
: n = R=2000
5F —R=0
at
=
(T E
' ;
L 3 : 15995.6
1
0 : 11 L L 1 1 L 1 1l L L 1 1
10° 10* 10°

f (Hz)

The resonance curves obtained on RLC circuits
with two different damping resistors



Application of the lock-in amplifier for
study of the transfer function of the RLC circuit.
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From time domain to frequency domain.
Experiment.

Wavetek
QOut Sync

Lock-in SR830
input

Reference in

F(t) — periodic function F(t)=F(t+T,):

Voi

0.00
S 3

Time domain pattern
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From time domain to frequency domain.
Experiment with SR830. Results.

5

Time domain

I measured

v calculated

IR

0 5 10 15 20

Spectrum measured by
SR 830 lock-in amplifier

Harmonic number

Frequency domain

1
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From time domain to frequency domain.
FFT using Origin. Results.

\" Nl Data file can be used to convert
0 ¢
F k] - L)
time domain to frequency domain
To
wf€ """ ---- X
Analysis | Gadgets Tools Format Window Help
o2k i Statistics Ve e -« ST FE & ok z|
t Mathematics 4 | . . . 1o I - _ﬂ
-0.50 ) X r 4 — —
" DWU P Data Manipulation * T
time (ms) E|tt|r|g » —D —
Signal Processing >] Smooath 4 a I_:l:uld
% L
Tlme domaln taken Peaks and Baseline k EFT Filters...
by TEktronix Scope 1 Peak Analyzer: <Last used=... Al L il ’ 1 <last used>
2 Peak Analyzer: <default>... Wavelet ' JDFFL. Open Dialog...
3 FFT: < default=... Convolution... [FFT... E S;:;Ire_t
4 FFT: <Llast used=.., 2D Correlation... D IFFT... @Square_t
5 Integrate: «Last useds... Decorvolution... ST £ square t
6 Integrate: <default=... Coherence @Boukl
7 Subtract Straight Line... o 2] Graph1
LCorrelation.., G h2
8 Differentiate: <Last used=.., E‘J rap
9 Differentiate: <default=... e .Graph3
_ _ Bl Graph11
10 Monlinear Curve Fit: < default> .., Envelope... F'eak,ﬂm
I I Decimation... —|Graphl3
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From time domain to frequency domain.
FFT using Origin. Results.

Time domain taken
by Tektronix scope

Spectrum calculated by Origin.
Accuracy is limited because of
the limited resolution of the
scope

I
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Data file can be used to convert
time domain to frequency domain

02 [

0.0

0.6

> 0.45-

C 4 0.88
0.8 [

0.29
1 o018 £
W
5 10 15 2
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0



From time domain to frequency domain.
Using of the Math option of the scope.

Vou 0 —.
T P 0.8
Time domain taken 06
by Tektronix scope o
Spectrum calculated by > o
Tektronix scope. —
Accuracy is limited because

of the limited resolution of the
scope

I
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From time domain to frequency domain.
Using of the Math option of the scope.

Tk R e

:?--II:-I---:t-G--Can[_-réEIa--E
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T Zoomt
@ 984mv

2.500kHz

LLLL (s

michila

Ch1 Ampl
5.52V

Ivat h :

200mv 1:2.5kH:2 -’720.000:00 s .

FFT

Dual wfm
Math

7 —

- — g -

Edit Math
Definition
Set FFT
Source to

|Ch1|
Set FFT

Vert Scale to
|Linear RMS|

Set FFT

1 Window to
: |Rectangu|ar|

Spectrum of the square wave

signal
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0.000V
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From time domain to frequency domain.
Different waveforms. Lock-in data.

> > o0z} ‘

/ 0.0 ki ‘|||I|I|IIII“||||II

-16 0 5 10 15 20
Harmonic number
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Appendix #1

Reminder: please submit the reports by e-mail in pdf or MsWord format.
pdf is strongly preferable!

4 )
L1 lab2 studentl

— ]

Lab section Lab number Your name

o /

Preferable file name

Link for uploading: https://my.physics.illinois.edu/courses/upload/
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https://my.physics.illinois.edu/courses/upload/

Appendix #2
Origin templates for the Lab are available in:

\\Phyaplporta\PHYCS401\Common\Origin templates\frequency domain
analysis

Time trace: input signal

]
10 1
s
o 2
10
— -3
2
g 4
=
(7]
5
-40
6
-] -80
&)
120 7
" " 1 L " | n |
0 1 2 3 4
time (ms)

f (Hz) Physics401
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