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1.1
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1.2

, ,

.

,

,

.

Fourier,

,

 ([1] §1.2, [2] §2.2). , x(t)

0



 - 

2

, Fourier .

:

x t C nf j nf t
xn

( ) ( )exp( )
0 0

2 ,  < t < +   (1.1) 

n , f0 = 1/ 0

Cx(nf0) :

C nf
T

x t j nf t dt
x

T

T

( ) ( )exp( )
/

/

0
0

0
2

21
2

0

0

  (1.2) 

Fourier  (1.1) ,

n ,

 (DC) (n = 0), f0 (|n| = 1) 

nf0,  |n| > 1. Cx ,

. ,

Fourier ,

. ,

x(t)

.

,

, Fourier,

Fourier 0 . , x(t) :

x t X f j ft df( ) ( )exp( )2 ,  < t < +   (1.3) 

X f x t j ft dt( ) ( )exp( )2 ,  < f < +   (1.4) 
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X(f)

Fourier x(t).

 ([1] §1.3, [2] §2.3). 

1.3

,

, .

:

( )  (Low Pass Filter, LPF),

, .

( )  (High Pass Filter, HPF),

, .

( )  (Band Pass Filter, BPF),

 ( ) .

, ,

.

, . ,

 ( 2 1) .

H(f), Fourier

. h(t) ,

 [x(t) = (t)], :

H f
F y t
F x t

( )
[ ( )]
[ ( )]

  (1.5) 

H(f)

. , ,

H(f) = |H(f)|exp[j (f)],  | (f)|

(f) .

|H(f)| (f) f
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. ,

.

Bode,

:

| (f)| (  dB) = 20 log10[|H(f)|]  (1.6) 

 [|H(f)|] .

, ,

,

.

 (fC),  1.1. 

|H(f)|

f
fC

1

|H(f)|

ffC

1

0.707

 1.1:

.

 1.2:

.

,

fC (  1.2). ,

,

,

. ,

 | (fC)|

 0.707 ,

| ( )| .H f
C

1
2

0 707   (1.7) 
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dB3
|)(|

|)(|707.0
log20

|)(|
|)(|

log20|)(|
Ci

Ci

Ci

Co
C fV

fV
fV
fV

fH   (1.8) 

 3 dB,

 3 dB, 

, .

R

C(t)i (t)O

 1.3:  R  C.

 1.3, 

i(t) :

i(t) = Viexp(j2 ft)  (1.9) 

(t) = Voexp[j(2 ft + )],

:

RCjCjR
Cj

ZZ
Z

V
V

H
RC

C

i

o

1
1

/1
/1

)(
)(

)(    (1.10) 

,  = RC, C = 1/ , fC = C/2 f = /2 , :

)/(1
1)(

C
ffj

fH    (1.11) 

fC ,

:

2)/(1

1|)(|
C

ff
fH    (1.12) 

)/(tan)( 1
C

fffH    (1.13) 

o  |H(f)|

f  1.4. 
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, , ,

.

,  1.3 .

( )

.

fC

-3
logf

|H
(f)

| (
dB

)

 1.4:  Bode  |H(f)|  LPF. 

1.4

( )  1.5  COM 6A2  COM 6A1

,

 1 Volt  10 Hz 

10 kHz,  1 10i Hz, 3 10i Hz, 5 10i z, i = 1, 2, 3. 

,

1 Volt. , BODE

.

:

A o

i

 (dB)=20log
10

   (1.14) 

o i , ,

 S/N separator.

( ) , .

;

S/N Separator;
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 dB/  dB/ .

f  10 f,

f  2 f.

( ) S/N Separator

. : S/N Separator

f1 f2.

R2

C2
(t)i

(t)i

(t)i

(t)O

(t)O

(t)O

LPF1

S/N 
SEPARATOR

 1.5.



 2: 

2.1

,

 ( ) .

,

.

 2.1. O 

 (1  2) s(t)

fS, .

S . ,

xS(t)

x(t) s(t) ( ),

, :

xS(t) = x(t)s(t)  (2.1) 

x(t) x (t)S

s(t)

2

1

 2.1: .

2.2 SHANNON

f(t) max,

 | | > max Fourier .

f(t) t = n / max ,

S = / max.
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fS  2fmax,

fmax = max/2 .

 [1] §6.3. 

2.3

, ,

, :

s t t nT
Sn

( ) ( )   (2.2) 

 2.1, 

 1 . ,

xS(t) :

x t x t s t x t t nT
S Sn
( ) ( ) ( ) ( ) ( )   (2.3) 

Fourier :

XS(f) = fSX(f) + fS[X(f fS) + X(f + fS) + X(f  2fS) + X(f + 2fS) + …]  (2.4) 

xS(t)

fS. x(t), s(t), xS(t)

x(t)  2.2. 

x(t) ,

Fourier

fmax (X(f) = 0,  |f| > fmax), fS > 2fmax.

,

, .

 2.2, 

,
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f, fmax.

fC = fmax.

x(t)

x (t)S X (f)S

s(t)
S(f)

X(f)

fS

fS

-fS

-fS

2fS

2fS

-2fS

-2fS

fmax

 2.2:  fS > 2fmax.

,

.

 (fS 2fmax).

X (f)S

S(f)

X(f)

fS

fS

-fS

-fS

2fS

2fS

-2fS

-2fS

fmax

 2.3:  fS < 2fmax.

 2.2  2.3, fS > 2fmax

fS < 2fmax, , Shannon.
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fS < 2fmax,  2.3 

,

 (aliasing).

2.4

,

, :

) ,

X(f) = 0  |f| > fmax. ,

,

fmax,

 95% . ,

,

( ),  (anti-aliasing filter).

) ,

,

,

, . ,

,

,

. , , fS > 2fmax,

,

,

.

) , (t) .

,

(t) ,

,
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. S ,

,

.

.  2.4 ,

. ,

. .

.

S

 2.4: .

 ( )

, .

, ,

 (acquisition time). To 
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 (tracking time).

 2.5. 

S

 2.5: .

:

)2/()1()2/(,0

)2/()2/(,1
)(

SS

SS

TntnT

nTtnT
ts , n = 0, 1, 2, …  (2.5) 

Fourier :

s t C j nf t
n Sn

( ) exp( )2   (2.6) 

Cn = (fS )sinc(nfS ) = dsinc(nfS )  (2.7) 

sinc( )
sin( )

y
y

y
  (2.8) 

d = /TS  (duty cycle)  (2.7) 

: C0 = d > C 1 > C 2 > … 

s(t)

,

xS(t).

,
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, ,

, . ,

, ,

.

,

d < 1. x(t), s(t)

xS(t)  2.6. 

X (f)S

S(f)

X(f)

2 /- /2

 2.6: .

,

,

,  (Signal to Noise

Ratio, S/N). ,

, ,  dB 

:

S N
x t
n t

/ log
( )
( )

 (dB) 10
10

2

2
  (2.9) 

x(t) n(t) , .
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2.5  (SAMPLING AND

HOLDING)

,

.

,

, .

,

, ,

.

 2.7, TS .

S

 2.7: .

,

. C,

,  2.8. C

. ,

 1 ,

x(t).

. ,

C ,

, . ,

, xS(t),

 2 ,

. ,
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,

, . ,

s(t) ,

.

x(t) x (t)S

s(t)

2

1
C

 2.8: .

,

,  (Pulse Amplitude Modulation,

PAM), ’ PAM.

2.6

2.6.1

( )  2.9. ,

fS = 4 kHz  = 25 sec

 2 Volts 

1 kHz. 

. .

( )  2.9 LPF1.

, ,

 10 kHz  = 10 sec.

;

.

. ;
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A1
-
+ SW3

R3

Sampling
Rate
Pulser

x (t)S

x(t)

fS

 2.9: .

2.6.2

( )  2.9, 

1

R3 C1, C2 C3.

 10 kHz  10 sec

 2 Volts  1 kHz, 

. ,

,

.

( ) 1,  2.9 

2 .

 2.10. .

( )  (S/N)

S/N

Separator .

 1, ,

 (

), .

’

, .

S/N Separator
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. , S/N Separator

,

S/N Separator,

 ( ).

 2.10 

LPF1, ,

S/N Separator.

2 Volts ,  ( )

 1, f1 S/N Separator.

,

S/N Separator

:

S N
i

o

/ log (dB) 10
1

1
10 2    (2.10) 

A1
-
+

A2
-
+

SW3
R3

Sampling
Rate
Pulser

x (t)S

x(t)

fS

C

 2.10: .
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 (TIME DIVISION MULTIPLEXING, TDM)

3.1

, ,

,

 ( ) .

, ,

. ,

,

.

, .

,

:

. , ,

 [1] 

§4.5.

3.2

 2, 

, ,

.

,

, . ,

,  ( ),

.

,

. , ,

. .

, , TDM.
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, , ,

,

. ,

.

,

.

,

, . . ,

.

.

, fS

, ,

, TS = 1/fS. ,

, S n = S/ . ,

.

LPF LPF

LPF LPF

LPF LPF

LPF LPF

x1 x1
x2 x2
x3 x3

xn xn

 3.1:  TDM-PAM. 

,  3.1 

.

, .

, , ,

, .
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, .

 3.1, ,

 ( ), LPF.

f > fS/2,  2 (anti aliasing

filters). ,

, ,

 2. 

x1

x2

x3

TDM

t

t

t

t

 3.2: , .

 3.2 ,

, .

, , ,

 ( ).

. ,  3.3 

,

.
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TS TS

t

 3.3:  3 .

3.3

 (CROSSTALK)

, ,

.

, .

, ,

.

,

,

 ( ) ,

,

. , , ,

 ( ), ,

.

, ,

.

 ( ) , ,

.  3.4. 

 ( g),

.

,
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, .

 (crosstalk).

, ,

.

1 2
3

p g

 3.4: .

3.4

3.4.1 TDM PAM

 COM 6A/1  COM 6A/2

,  3.5. 

CH.1 in  2 Volts  2 kHz 

CH.2 in  1 Volt 

2 kHz. .

3.4.2 TDM PAM

TDM PAM  3.6. 

,

 3.4.  1  3 kHz 
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 2  1.5 kHz. 

.

; ;

Clock
Generator

Modulator
Timing Counter

80 kHz

COM-6A/1

COM-6A/2

A1
-

+CH.1 in

SW1
CT1

A2
-

+CH.2 in

SW2
CT2

R1

OUT

“0”

“5”

 3.5:  TDM PAM.

Clock
Generator

Modulator
Timing Counter

80 kHz

COM-6A/1

SW1CT1

SW2
CT2

“0”

“5”
LPF1

LPF2

CH.1 OUT

CH.2 OUT
TDM IN

 3.6:  TDM PAM.

3.4.3 TDM PAM

TDM PAM,  3.7. ,

R2 C1
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TDM. clock Modulator Timing Counter  160 kHz 

. CT1 1

Modulator Timing Counter CT2 2 .

CH.1  4 Volts  2 kHz, 

CH.2 .

CH.1 OUT CH.2 OUT. ;

CH.2 OUT; ; CT2

Modulator Timing Counter.

CH.2 OUT; . ,

.

rms , :

)rms(CH

)rms(CH

V
V

RCT
1

2  (3.1) 

.

COM-6A/1

SW1
CT1

SW2CT2

LPF1

LPF2

CH.1 OUT

CH.2 OUT

COM-6A/2

A1
-

+
CH.1 in

SW1CT1 A2
-

+

CH.2 in SW2CT2

R1

R2

C1

 3.7:  TDM PAM.
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4.1

 2 ,

.

, .

,

. , ,

, .

 (Pulse Code Modulation, PCM)

.

.

.

4.2 PCM

4.2.1

.

.

, ,

. ,

. ,

.  (

),

.

,

.

.

,

,
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, ,

.

, ,

. ,

, PCM.

0 1 2 3 4 5 6 7 8

-4

-3

-2

-1

0

1

2

3

4

 (V
ol

ts
)

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

 4.1: .

 4.1,  –4 V  +4 V 

( ).  16 ,

 0  15 ( ).

,  4.1 

 4.1, . ,

,

.  4.1 

,  Volts ,

.

PCM,  4.2. 
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 4.1. 

 (V) 1,3 2,3 2,7 3,2 1,1 -1,2 -1,6 0,1 

 (V) 1,25 2,25 2,75 3,25 1,25 -1,25 -1,75 0,25 

10 12 13 14 10 5 4 8 

1010 1100 1101 1110 1010 0101 0100 1000 

,

. ,

 = 2 .

 bits.  bits, 

PCM ( )

.

t

V

1010 1100 1101 1110 1010 0101 0100 1000

 4.2:  PCM. 

:

 0 V 0 .

0 .

,  0, ±1, ±2, .

,

, 0  (+) 1  ( ).

4.3 PCM

PCM  4.3, 

IN. ,
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.

, P/S  (Parallel to Serial)

PCM OUT PCM.

.

.

-
+

Vo

VR

AND

IN

3 BIT

P/S 
PCM
OUT

CL R

PS

PCLR

-

 4.3:  PCM. 

4.3.1

 4.4. 

 (A1)  (COMP). OUT1

 (IN), Vout1 = |Vin|.

OUT2 ,  +5 V 

1  (  +Vcc ) ,

 –5 V 0  ( Vcc) .

, SW1

, OUT1 Vout1 = Vin, Vin > 0. 

, OUT2. ,

, SW1  –5 V. 

, , OUT2

SW1  +5 V. 

. OUT1

 4.3, OUT2 P/S .
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-

+

-

+

1

COMP

SW1 OUT1

OUT2

 4.4: .

4.3.2

t
VR

1 2 3 4 5 6 7 8

 4.5: .

4.5,  4.6. 

PCM  4 bits, ,

 (7)  (7) .

 (7) ,

.

, .

, ,

. Qi

1 , ,

 ( ) .
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-5V
I1 I2 I3 I4 I5 I6 I7

Q1 Q2 Q3 Q4 Q5 Q6 Q7OUT

80kHz CL R

PS

7 Stage Shift RegisterD

R

 4.6: .

O  (7), ,

 ( D Flip-Flop),

. CL

, D.

,

0 , CL , Qi

Qi-1, Q1 D. D 1 ,

, 1 ,

1 . ,  (

) . ,

. .

.

 4.6, 

, , . ,

1 ,

( Reset).

4.3.3  3 bit 

. ,

 ( Reset ),
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 ( ) 1 ,

1 .

 bits .  3 bits, 

 4.3,  0  7. 

,  4.3 

VR OUT1 Vo

. VR Vo (

), 0 , 5 V. ,

. , Vo,

1 , .

.

1 ,

,  ( )

. , ,

,

PCM, .

4.3.4 P/S

.

, ,  ( PS),

. ,

. ,

 ( PCL),  bits, 

, PCM OUT.

4.3.5  – PCM

,
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, .

 4.7. ,

P/S PCM,

. CL1 = 

 80 kHz CL2 = 40 kHz. 

MODULATOR
TIMING COUNTER

40kHz
40kHz

80kHz

40kHz

"4"

"4"

"0"

"5""0"

PS

ENPCL

PE

CLOCK

R

 4.7: .

Modulator Timing Counter 

. , CL2

, 0 . 5 reset,

. PE,  3 bit ,

1 0  5 1 . PCL,

P/S  bits , 1

CL2 1 , PE 0  ( NOR

). PS

. , , CL1

 8 ,  7 . , PS

1  4 CL2. ,  3 bit 

,

 7 VR. , PS

P/S  3 bit 

.
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EN NOR PE PS 1

0 .

. EN

D . ,  3 

bit , ,

D , , .

 4.8, 

CL2 :

 0: .

.  3 bit 

reset PE.

 1, 2, 3,  4:  7 

CL1. .

, EN 1 . , .

,

. P/S  bits ,

. , PCL 4 ,

 bit . H  4  bit  4

CL2.

 4: PS 1 , P/S

.

 5:  0 . ,

.
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0 1 2 3 4 5 1 2 3 4 5 1

CL1

CL2

PE

PS

EN

PCL

 4.8:  PCM. 

4.4

4.4.1

,  4.9. 

IN  1 Volt 

1 kHz. OUT1 OUT2,

.

-

+

-

+

1

COMP1

SW1 OUT1

OUT2

R1

R2

CT1

 4.9.
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4.4.2

 4.10. 

Reset Modulator Timing Counter 5  (

) 0 4

,  4.10.  40 kHz 

Modulator Timing Counter,  4.10. 

Q1 Q7

CL R.

. XOR  4.10 

NOT  40 kHz. 

5V

Q1 Q2 Q3 Q4 Q5 Q6 Q7

80kHz

40kHz

CL R

PS

7 Stage Shift Register
D

"4"

"0" EN

COM6B/1

COM6A/1 COM6B/2

G1

G2
G5

G1
G6

 4.10. 

4.4.3

PCM  COM 6B/1 Linear.

C i  +5 Volts 

R. , CT1

, R.

.
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4.4.4

 4.10 

C i  4.11 Qi.

R

 80 kHz. 

R .

.

-5VI1 I2 I3 I4 I5 I6 I7

CI1 CI2 CI4 CI6CI3 CI5 CI7

R

 4.11. 

4.4.5 PCM

( ) PCM  4.12. 

PS, EN, PE PCL

.

( ) P1 COM6B2  +5 V 

 –5 V. 

.

.

.

( )  2 V 

100 Hz. .
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- +

- +

- +

-5
V

I1
I2

I3
I4

I5
I6

I7

C
I1

C
I2

C
I3

C
I4

C
I5

C
I6

C
I7

R
3

EN
80

kH
z

D C
L

7 
St

ag
e 

Sh
ift

 R
eg

is
te

r R PS

Q
1

Q
2

Q
3

Q
4

Q
5

Q
6

Q
7

C
O

M
P2

EN
80

kH
z

C
L

R
PE

3 
B

IT

C
L

PC
L

P/
S

PS

PC
M

O
U

T
"4

"

40
kH

z

5V
"0

"

PS

EN
PC

L

PE
C

O

R
2

R
1

IN
A

1
SW

1 CT
1

CO
M

P

C
O

M
 6

B
/1

C
O

M
 6

A
/1

C
O

M
 6

B
/2

G
1

G
2 G
1

G
3

G
5

G
6

G
7

 4
.1

2:
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5.1

, ,

. ,

,

. ,

.

,

.

.

,

, .

, PCM.

,

,

. .

5.2

block

 5.1. x(t) ,

,

.

, ,

.

.

.

,

.
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.

. ,

.

,

.

LPF
-

x(t)
y(t)

( )t-kT

 5.1: Block .

LPF: ,

, ,

. ,

.

 ( ):

. ,

, .

.

, ,

.

. ,

,

 ( )

.
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:

, , V.

,

.

: ,

V, . ,

.

 5.2. 

 5.2: .

: ,

, , V

,

.

.  (V)

, .

 5.2. ,

, ,

V.

,

.

.  5.2 

 (
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). , ,

. , ,

, .

,

,  [1] §7.6, [2] §10.4.5, 10.4.6. 

5.3

, ,

. , , .

, , ,

,

.

 5.3. 

-Vref

Vref

Comp

+

-

D Q

Q

+

-

CLK

 5.3:  DM. 

,

.

, .

,

 ±Vcc. , D Flip Flop.

,
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,

.

.  5.3 

,  ±Vref

.

.

 (

RC).

 [3] §11.4.1. ,

.

,  –Vcc

, Flip Flop 0 Q 1 Q ,

Vref,

. ,

. H 

Flip Flop ,

Flip Flop.

Flip Flop, ,

.

5.4

, ,  ( )

.

, .

,

.

,

.
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,

x(t),

t x(t). dmax

,

S, dmax S.

, TS :

s
ref T

RC
V

 (5.1) 

E

-3

-2

-1

0

1

2

3

0 2000 4000

sec

 (
)

 V
ol

ts

-1,2

-0,8

-0,4

0

0,4

0,8

1,2

0 100 200

sec

(
)

V
ol

ts

( ) ( )

 5.4: ( )  ( ) .

, dmaxTS :

max
ref

smaxs
ref d

RC
V

TdT
RC
V

     (5.2) 

 (5.2) 

, . ,

.  5.4 

 ( )

 ( ).
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5.5

5.5.1

ST1 ST2 ST3 ST4
POL
STEP GENERATOR

+5V R C

A1
- -
+

+

20KHz
FF1

D1

CL

Q1COMP DM
OUT

 5.5:  DM. 

)  5.5 

, .

,

Step Generator DM OUT.

STi  +5 V Vref

Step Generator.  (POL)

.

( Step Generator) ,
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