
EE123 Spring 2018 Miki Lustig
Digital Signal Processing

Assignment 5

Due March 7th 2018

1. Self-grade Homework 4.

2. Read Chapter 4.1-4.4 Oppenheim and Schafer, 3rd ed.

3. Problem 10.31 Oppenheim and Schafer, 3rd ed.

4. Problem 4.7 Oppenheim and Schafer, 3rd ed.

5. Problem 4.9 Oppenheim and Schafer, 3rd ed.

6. Wavelet Denoising
This question assumes basic knowledge of probability. If you are having difficulties, contact me or
the teaching staff.
Consider the following N = 16 discrete signal:

x[n] = [0 0 0 0 1 1 1 1 1 1 1 1 0 0 0 0]

(a) What is X[k], the Haar-16 transform of x[n]? How many non-zero coefficients are in X[k]?

(b) You observe noisy measurements,
y[n] = x[n] + v[n],

where v[n] ∼ N (0, σ2) are i.i.d. zero-mean Gaussian random variables. Note that σ < 0.05, so
the signal to noise ratio is over 20.

Show that V [k] which are the coefficients of the Haar-16 transform of v[n] are also i.i.d. with
V [k] ∼ N (0, σ2).

(c) You decide to denoise the signal by:

i. Computing Y [k] the Haar-16 discrete wavelet transform (DWT) of y[n]

ii. Threshold Ỹ [k] =

{
0, if |Y [k]| < 0.3

Y [k], otherwise

iii. Compute ỹ[n], the inverse DWT of Ỹ [k]

This process pretty much guarantees that Ỹ [k] has zeros at the same indexes that X[k] has
zeros (what is the probability that V [k] > 0.3 ≥ 6σ?)

What is the standard deviation of ỹ[n] for 0 < n ≤ 15? what is the amount of noise reduction
compared to the standard deviation of y[n]?

(d) A moving average filter can also be used for reducing the noise in a signal. What is the length
of filter needed to achieve approximately the same noise standard deviation as in the Haar
denoising case?
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(e) Let v = [0.068, 0.009, −0.055, 0.044, 0.064, 0.033, −0.011, −0.068, −0.024, 0.034, 0.001, 0.017, −
0.081, 0.013. − 0.042. − 0.02].
draw the result of filtering y with the moving average filter. Compared to ỹ[n] the wavelet
denoising. (You can use Python)

7. Sampling basics
A continuous-time signal has the following spectrum:

a) What is the Nyquist frequency for this signal?

b) You sample x(t) at a rate of 500 Hz. Sketch the spectra of xs(t) (the continuous-time signal
multiplied by the sampling impulse train), and x[n], the new discrete signal with x[n] = x(nT ),
T = 1/500.

c) Why can you sample x(t) at a rate lower than the Nyquist frequency without losing information?
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