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LTI System
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Linear Time-Invariant System
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Definition of a Linear System:
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LTI System
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LTI System output Power and Voltage Spectrum
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Figure 2–7 Convolution of a rectangle and an
exponential.
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Power  Autocorrelation: R(0)= power
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Power Signal Through a Filter:
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Periodic Signal Through a Filter:
Time Average Autocorrelation
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Periodic  Signal Through a Filter:
Time Average Autocorrelation
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Periodic  Signal Through a Filter
Time Average Autocorrelation

Through a LTI System
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Filters-Applications
• Control the Modulation Signal

Bandwidth
– Ex. Null bandwidth of rectangular pulse
– Limits Transmission Bandwidth for

Spectrum Conservation
• Optimize the SNR at the receiver input
• Waveform Shaping:   y(t)=x(t)*h(t)
• Matched detection

17



Ideal Filter Response

h(t), H(f)
x(t)
X(f)

y(t)
Y(f)

|H(f)|

H(f) Linear phase:

wtqwq ·-= d)0()(
18



Ideal Filter-Magnitude, Phase/Delay

)()2( )(|2(|)2( wqpq wpp jfjj eGefjHfjH ·=·=

For a transfer function H(s), at real frequencies, with s=jw,

Where G(w) and q(w) are the gain and phase components.
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Ideal Filter-Magnitude, Phase, Delay
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Ideal Filter-Magnitude, Phase/Delay

• Both Pd(f) and td(f) are functions of
frequency

• Phase delay Pd(f) is the absolute delay and
is of little significance

• Group Delay td(f)  is used as the criterion to
evaluate phase nonlinearity.  Group Delay is
constant for all frequencies in an ideal filter.
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Ideal Filter-Magnitude, Phase/Delay

• Linear phase variation with frequency (over a
band of frequencies) implies a constant
Group Delay –no phase distortion in that
band of frequencies

• In order to preserve the integrity of a pulse
x(t), it is mandatory that the Group Delay of
the system be constant up to the maximum
frequency component of the pulse.  This
implies equal time delay for all frequencies of
interest.
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http://en.wikipedia.org/wiki/Butterworth_filter

Linear analog electronic filters

Butterworth filter

Chebyshev filter

Elliptic (Cauer) filter

Bessel filter

Gaussian filter

Optimum "L" (Legendre) filter 23



Filter Example, Time Domain:
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Filter Example, Frequency Domain:
Let s=j2pf=jw
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Filter Example:
The Group delay of the RC low pass is:
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Figure 2–15 Characteristics of an RC low-pass filter.
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Figure 2–16 Distortion caused by an RC low-pass filter.
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Figure 2–16 Distortion caused by an RC low-pass filter.
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Figure 2–16 Distortion caused by an RC low-pass filter.
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A RC Filter Distortion Problem:

• Assume we want the amplitude
Linearity <2%

• and the group delay variation (linearity
<5%

• Find the usable bandwidth of the 1st
order Butterworth filter if the 3dB
bandwidth is 1 MHz

32



A LPF Distortion Problem:

Constraints:
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A LPF Distortion Problem:
Amplitude Error: Phase Error:
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A LPF Distortion Problem:

So the amplitude error will limit the usable bandwidth to 203 KHz
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A LPF Distortion Problem:
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A LPF Distortion Problem:
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A LPF Distortion Problem:

1 .103 1 .104 1 .105 1 .106
0

0.05

Amplitude Error
Group Delay Error
Amplitude Error
Group Delay Error

Filter Amplitude and Phase Error

Hz

Er
ro

r

.1

5 10 7-´

.05

.02

e .a f( )

e .f f( )

1061000

2.031 105´

f

38



Filter Noise Equivalent Bandwidth

We often equate the -3dB bandwidth of a real
Filter to the bandwidth of an ideal filter that would
Pass the same noise power.

-3dB

W3dB

Wnoise
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Filter Noise Equivalent Bandwidth

White
Noise

Real Filter 3 dB

Ideal Filter W

Sn(f)
Find W

For
Equal

Powers
From
Filters

Sn(f) is a White Noise Power Density No Watts/Hz



Filter Noise Equivalent Bandwidth
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Butterworth lowpass filters
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•Where n is the filter order (number of poles)
• Note that n=1 is the RC lowpass



Butterworth lowpass filters



Butterworth lowpass filters

n x 6 dB per octave
n x 20 dB per decade

Passband



Butterworth lowpass filters
IDEAL FILTER

EQUIVELENT NOISE BANDWITH FOR BUTTERWORTH FILTERS

B
Noise_Power_From_Real_Filter_With_3db_Bandwidth_of_1

Noise_Power_From_Ideal_Filter_With_Bandwidth_of_1

note that:
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1.571=First order filter with a 3dB bandwidth of 1 passes
57% more noise power when compared with an
ideal filter with a bandwidth of 1.  A 3rd order filter
only passes 4.7% more noise power when
compared with an ideal filter.


