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u=QyD x=oWv=O
|@=Q=i u=oOmWv=O
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|Q=OQ@xvwtv
Sampling

"O}yO@ p} wLD m p}=i l} ?r=k QO =Q x]w@ Qt |=yOm w O}yO@ s=Hv= Matlab QO =Q Q} R |=yu} QtD

"“−3 < t < 3” O}vm |Q=OQ@xvwtv RDQy 2.5 w 1.5 ’1 |=yMQv =@ =Q s(t) = sin(πt) p=vo}U “|Q=OQ@xvwtv =@ |}=vW;” “1

"O}vm sUQ xv=o =OH pmW xU QO =Q xOW |Q=OQ@xvwtv |=yp=vo}U “hr=”
"O}vm |@=} R=@ xDUw}B CQwYx@ =Q =yv; Qo}Om}x@ =yxvwtv p=YD= =@ “?”

#ODi=|t j=iD= aliasing OQ=wt s=Om QO “G”
#CU= RDQy OvJ ’Ovm|t |Q}owrH aliasing R= xm |Q=OQ@xvwtvTv=mQi “O”

T = |Q=OQ@xvwtv |=yMQv |=R=x@ =Q yc(t) w y[n] |=yp=vo}U xc(t) p=vo}U |=Q@ “p=vo}U uOQm QDr}i w |Q=OQ@xvwtv” “2
"O}vm sUQ w xOQw; CUOx@ −3 < t < 3 |v=tR |xR=@ QO 0.05, 0.125, 0.25

x(t) = sin(6πt) + 3 cos(15πt) + noise

‘@=D R= xO=iDU= =@ =Q “flowers.bmp” xOW xt}t[ |ovQ Q} wYD “Up-Sampling w Down-Sampling =@ |}=vW;” “3
%TBU w O}vm p}O@D grayscale Q} wYD l} x@ rgb2gray

downsample ‘@=D R= Q=m u}= |=Q@” "O}yOV}=tv =Q xOt;CUOx@ Q} wYD w O}vm down-sample ’2 MQv =@ =Q Q} wYD u}= =OD@= “hr=”
“"O}vm xO=iDU=

"O}yOV}=tv =Q xOt; CUOx@ Q} wYD w O}vm up-sample ’2 MQv =@ =Q p@k |xrLQt R= pY=L Q} wYD “?”
"O}vm x@U=LtMSE R= xO=iDU= =@ =Q x}rw= Q} wYD =@ “?” |xrLQt QO xOt; CUOx@ Q} wYD Cw=iD “G”

=QMSE ’Cr=L Qy |=Q@ w xO=OV}=tv =Q xH}Dv ’xOwtv p=ta= =Q QPou}}=B w QPo q=@ QDr}i wO R=l} Qy ’O}OH Q} wYD |wQ Q@ “O”
“"O}vm xO=iDU= filter ‘@=D R= QDr}i p=ta= |=Q@” "O}vm x@U=Lt
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Up-Sampling w Down-Sampling =@ |}=vW;
|=yxOvR=OQB \UwD VR=OQB p@=k w p=D}H}O |}=yp=vo}U x@ |Q=OQ@xvwtvltmx@ =Q u=tRfflxDUw}B |=yp=vo}U u=wD|t O}v=O|t xm Qw]u=ty
p=vo}U l} R= xvwtv O=OaD xJ |v=tR |xR=@ l} QO xm CU= u; |xOvvmXNWt |Q=OQ@xvwtv MQv xm s}v=O|t "OQm p}O@D u=tRfflxDUUo
|=Q@ |}=yQ=my=Q xJ "“OwW@ O=} R =} w sm ” Ovm Q}}eD |Q=OQ@xvwtv MQv xm s} Q=O R=}v |r}qO Q@ =v@ O}vm ZQi p=L "s}=xDW=OQ@ u=tRfflxDUw}B

#OQ=O OwHw Q=mu}=

u=tR xRwL QO =Q p=vo}U u; ’s} Q=O |rY= p=vo}U R= xm |}=y xvwtv ltm x@ xm CU= u; OUQ|t uyP x@ =OD@= QO xm Q=my=Q l} “1
"OyO|t u=Wv =Q VR=OQB u}= Q} R s=Qo =}O lwr@ "s}vm |Q=OQ@xvwtv x=wNrO MQv =@ =Q xOW |R=UR=@ p=vo}UTBU w s}vm |R=UR=@ xDUw}B

nwr=v; p}O@D |R=UxO=}B |=Q@ pta QO xm p}rO u}= x@ "OQ=Ov =Q sRq |}=Q=m pta QO =t=CU= K}LY,qt=m |Qw�D x=oO}O R= VwQ u}=
(quantization-noise) |R=U|OvJ R} wv O=H}=?Hwt A/D lwr@ xm |}=Hv; R= =t= "OwW|t xO=iDU= A/D lwr@ R= p=D}H}O x@
MQv u=wD@ xDUUo ,qt=m VR=OQB =@ xm s}DUy |Q=my=Q p=@vO x@ pta QO TB "CU}v ?wr]t ,qY= R} wv u}= w OwW|t sDU}U QO

"s} wW@ =vW; xDUUo VR=OQB lwr@ OvJ =@ O}=@ Qw_vt u}O@ "s}yO@ Q}}eD =Q |Q=OQ@xvwtv

|DQwYx@ s}yO@ Q}}eD Td x@ =Q MQv u}= s}y=wN|t "OW=@ xOW |Q=OQ@xvwtv T MQv =@ x}rw= p=vo}U O}vm ZQi %Donw-Sampler “2
,qta "Ov} wo|t down-sampling |Q=OQ@xvwtv MQvVy=m pta x@ "CU= C@Ft K}LY OOal}M u; QO xm Td = MT xm
s=v x@ |mwr@ \UwD Q=m u}= "s} R} Q@ QwO s} Q=O xm =Q |}=yxvwtv R= |O=OaD xm CU= |i=m =yvD Td MQv =@ |Q=OQ@ xvwtv x@ uO}UQ |=Q@
M Qy R= ’xDiQo |OwQw u=wvax@ =Q x[n] Ovv=t |OwQw |xDUUo p=vo}Ul} lwr@ u}= "OwW|t s=Hv= (Compressor) R=UxOQWi
"OyO|t p} wLD |HwQN u=wvax@ =Qu; w OR=U|t xOv=t}k=@ |=yxvwtv =@ =Q xd[n] p=vo}U w OR} Q|t QwO =Q xvwtv M − 1 ’xvwtv

"OwW|t xO=OV}=tv Q} R |mwr@ s=Qo =}O CQwY x@ Ov};Qi u}=

%OW=@|t Q} R CQwYx@ R=UxOQWiTv=mQi w u=tR |xRwL |}=tvR=@

%u=tR |xRwL •

xd[n] = x[nM ]

%Tv=mQi |xRwL •

Xd(e
jω) =

1

M

M−1
∑

i=0

X(ej( ω

M
−

2πi

M
))

%s}vm lQO |Q=Owtv CQwYx@ =Q x]@=Q u}= QF= CU= QDy@ ’CU= QDxO}J}BTv=mQi |xRwL |x]@=Q xm |}=Hv; R=

M ?} Q[ =@ |ω| ≤ π |Uv=mQi |xOwOLt uOQm R=@ “hr=”
‘tH w 2π ?w=vD |xQwO =@ |R=U?w=vDt “?”
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1/M QO xvt=O ?Q[ “G”

"s}yO|t M = 2 =@ R=UxOQWi l} x@ =Q CU= xOW xO=OV}=tvTv=mQi |xRwL QO xm =Q Q} R p=vo}U ’QDy@ lQO |=Q@

s}yO@ Q}}eD Ti x@ =Q MQv u}= s}y=wN|t "CU= xOW |Q=OQ@xvwtv T MQv =@ x}rw= p=vo}U xm O}vm ZQi ,=OOHt %Up-Sampler “3
"Ov} wo|t up-sampling |Q=OQ@xvwtv MQvV}=Ri= pta x@ "CU= C@Ft K}LY OOa l} L u; QO xm Ti = T/L xm|DQwYx@
OvwW |yOQ=Okt |@U=vt pmW x@ O}=@ =yxvwtv u}= =t= "s}vm O}rwD xvwtv L− 1 ’xvwtv Qy |=R= x@ CU= |i=m Ti MQv x@ uO}UQ |=Q@
x@ "CU= (interpolation) |@=}uwQO pta ‘k=w QO =yxvwtv u}= x@ ?U=vt Q}O=kt uO=O C@Uv "s}vmv ?=QN =Q |rY= p=vo}U =D
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|i=m O=OaD x@ |OwQw p=vo}U x@ xm CU= CQwY u}O@ Q=m VwQ "OQm |R=UxO=}B =Q p;xO}= |@=}uwQO u=wD|t QPou}}=B QDr}i ltm
QiY |=yxvwtv uOQm xi=[= pta xm |mwr@ "s}vm|t QB xOW |@=}uwQO Q}O=kt =@ =Q =yxvwtv u}=TBU w s}vm|t xi=[= QiY |xvwtv

%CU= xOW xOQw; Q} R QO up-sampler l} |mwr@ s=Qo =}O "OQ=O s=v (expander) xOvyO\U@ ’OyO|t s=Hv= =Q

%OW=@|t Q} R CQwYx@ xOvyO\U@Tv=mQi w u=tR |xRwL |}=tvR=@

%u=tR |xRwL •

xe[n] =

{

x
[

n
L

]

, n = · · · ,−2L,−L, 0, L, 2L, · · ·

0 , otherwise

%Tv=mQi |xRwL •

Xe(e
jω) = X(ejωL)

‘H=Qt
[1] M.N.O. Sadiku, W.H. Ali, Signals and Systems: A Primer with Matlab, CRC Press, 2016.

[2] A.V. Oppenheim and R.W. Schafer, Discrete-Time Signal Processing, 3rd edition, Prentice Hall, 2010.
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