Optimization-based data analysis Fall 2017

Lecture Notes 4: The Frequency Domain

1 Fourier representations

1.1 Complex exponentials

The complex exponential or complex sinusoids is a complex-valued function. Its real part is a
cosine and its imaginary part is a sine.

Definition 1.1 (Complex sinusoid).
exp (ix) := cos (z) + isin (x). (1)
The argument x of a complex sinusoid is known as its phase. For any value of the phase, the
magnitude of the complex exponential is equal to one,
|exp(iz)|* = cos(x)? + sin(z)? = 1. (2)

If we set the phase of a complex sinusoid to equal ft for fixed f, then the sinusoid is periodic with
period 1/f and the parameter f is known as the frequency of the sinusoid.

Definition 1.2 (Frequency). A complex sinusoid with frequency f is of the form
hy(t) :== exp (27 ft). (3)

Lemma 1.3 (Periodicity). The complex exponential hy (t) with frequency f is periodic with period
1/f.

Proof.
he(t+1/f) =exp <i27rf (t+%)> (4)
= exp(i27 ft) exp(i27) (5)
= hy(1). (6)
[

Figure 1 shows a complex sinusoid with frequency 1 together with its real and imaginary parts.

If we consider a unit interval, complex sinusoids with integer frequencies form an orthonormal set.
The choice of interval is arbitrary, since all these sinusoids are periodic with period 1/k for some
integer k£ and hence also with period one.



Figure 1: Complex sinusoid h; (dark red) plotted between 0 and 10. Its real (green) corresponds to a
cosine function and its imaginary part (blue) to a sine function.

Lemma 1.4. The family of complex sinusoids with integer frequencies
hi (t) := exp (i27kt), keZ, (7)

is an orthonormal set of functions on the unit interval [—1/2,1/2].

Proof. Each function has unit £, norm,

2 12 2
[1hwllz, = [ (D) dt (8)
/2
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=1, (9)

and they are all orthogonal
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Figure 2: Discrete complex sinusoids 5[210] (left) and Eglo} (right) in red along with their real (green) and

imaginary (blue) parts.

Complex sinusoids on the unit interval can be discretized by sampling their values at n equispaced
points. This yields a family of discrete complex sinusoids.

Definition 1.5 (Discrete complex exponential). The discrete complex sinusoid FLLn] e C" with
integer frequency k is defined as

i2rkj

EL"][j]::exp< > 0<jk<n-—1 (15)

The discrete complex sinusoid is periodic in j with period n/k and in k with period n/j. In

particular, they are also periodic with period n, so we only consider values in an interval of length
n. Here we have fixed the interval to be from 0 to n — 1 but this is arbitrary. Figure 2 shows h210]

and ﬁ:[;w] along with their real and imaginary parts

Discrete complex sinusoids form an orthonormal basis of C" if we scale them by 1/y/n.

Lemma 1.6 (Orthonormal sinusoidal basis). The discrete complex exponentials \/Lﬁlqzén], ce \/Lﬁiqz,[fll
form an orthonormal basis of C".

Proof. Each vector has £ norm equal to \/n,

o2 el
BN =2 || (16)
=0
n—1
— 1 (17)
7=0
=n, (18)



and they are all orthogonal

n—1
(LR = SRR (19)
§=0
n—1 .
2 (k —1
_ exp<l u ”) (20)
=0 "
1— exp i27r(l:;l)n>
= : (21)
N 127 (k—1)
1 —exp < - )
= 0. (22)

Since there are n vectors in the set and they are linearly independent, they form a basis of C*. [

1.2 Fourier series

The Fourier series of a function defined in the unit interval is the projection of the function onto
the span of the complex sinusoids with integer frequencies, which are orthonormal by Lemma 1.4.

Definition 1.7 (Fourier series). The partial Fourier series of order N of a function f € Lo[—1/2,1/2]
is defined as

N

Swifyi= Y Flk A (23)
FIH = (f.n). (24)

The Fourier series of a function f € Lo[—1/2,1/2] is defined as

o0

S{fyi= 3 Flkh, (25)
F k] = (f ) - (26)

For real functions, the Fourier series is a projection onto an orthonormal basis of cosine and sine
functions (we omit the proof that these functions are orthogonal, which is very similar to the proof
of Lemma 1.4).

Lemma 1.8. For a real function f € Lo[—1/2,1/2] we have

S{f} = Z ay, cos (2mkt) + by sin (27wkt) (27)
— 2(f, cos (2mkt)) (28)
= 2(f,sin (2mkt)) . (29)
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Figure 3: Partial Fourier series (blue) of the Gaussian function in Figure 5 restricted to the unit interval.
The complex sinusoids used to produce the approximation are shown in green.



Figure 4: Dirichlet kernel with cut-off frequency k. (left) and corresponding Fourier coefficients (right).

Figure 3 shows the nth-order partial Fourier series of a Gaussian function restricted to the unit
interval for different values of n. As n increases, the approximation obtained by projecting the
function onto the span of the complex sinusoids improves. Remarkably, if the function is integrable,
the approximation eventually converges to the function. We omit the proof of this result, which
is beyond the scope of these notes.

Theorem 1.9 (Convergence of Fourier series). For any function f € Lo]—1/2,1/2]
Tim [1f = S (£}, =0 (30)

In addition, if f is continuously differentiable, the convergence is uniform and hence also pointwise,
so that

dim Sy {f}(6) = f(t),  for anyt. (31)

By Theorem 1.9 we can represent any square-integrable function defined on an interval by using
its Fourier coefficients, which are known as the spectrum of the function. It is worth noting that
one can generalize this representation to functions defined on the whole real line by considering
real-valued frequencies, which yields the Fourier transform. We will not discuss this further in
these notes.

The Dirichlet kernel is an example of a bandlimited function, for which the higher end of the
spectrum is zero, as illustrated in Figure 4.

Definition 1.10 (Dirichlet kernel). The Fourier coefficients of the Dirichlet kernel with cut-off
frequency k. are equal to

0 otherwise.

DK = {1 if |k| < ke (32)
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Figure 5: Gaussian function in Example 1.11 and corresponding Fourier coefficients (right).

The corresponding function is given by

ke
d(t)= > DIk h(t) (33)
n=—ke
ke
— Z eiQﬂ'kt (34)
n=—ke
U, + 1 ift =0,
= {sin((QkEJr;)ﬂ't) otherwise (35)
sin(7t :

Note that the width of the main lobe of the Dirichlet kernel is inversely proportional to its cut-off
frequency, which corresponds to the width of its spectrum. The following example shows that this
is also the case for the Gaussian function.

Example 1.11 (Gaussian). Consider the Gaussian function

00 = (-5)). (36)

o2

restricted to the interval [—1/2,1/2]. If o is small with respect to the length of the interval, then



we can approximate its spectrum by

1/2 2
G k] = / exp (——2) exp (—i2rkt) dt (37)
—1/2 (%
1/2 2
= / exp (——2) cos2mktdt  because g is even and sin (27kt) is odd (38)
1/2 o
e’} t2
~ / exp (——2> cos 2kt dt if o <<1 (39)
o o
= Vrmoexp (—m*0’k?). (40)

The envelope of the Fourier coefficients is Gaussian with a standard deviation that is proportional
to 1/0, as shown in Figure 5. A

An important property of the Fourier representation is that shifting a function is equivalent to
scaling its Fourier coefficients by a factor that only depends on the shift and the corresponding
frequency.

Lemma 1.12 (Time shift). We define the T-shifted version of a function f € Lo[—1/2,1/2] by

f[T] (t) = f (t - 7—) ; (41)
where the shift is circular (the function wraps around). For any shift T we have

Fi [k] = exp (—i2nkT) F [K]. (42)

Proof. We interpret f as a periodic function such that f (¢t + 1) = f (¢). We have

1/2
Fiy k] = i f(t—7)exp(—i2nkt) dt (43)
1/2—7
— /1/2 f(u)exp (—i2mk (u+ 7)) dt (44)
= exp (—i2wkT) F [k]. (45)

1.3 Sampling Theorem

In this section we consider the problem of estimating a bandlimited signal from samples taken at
regular intervals. Such situations arise when we digitally store or process an analog signal such
as music or speech. Figure 6 shows an example of a bandlimited signal, its spectrum and the
corresponding samples. Two fundamental questions are:

1. What sampling rate is necessary to preserve all the information in the signal?

2. How can we reconstruct the original signal from the samples?



Signal Spectrum Samples

Figure 6: Bandlimited signal (left), corresponding spectrum (center) and regular samples (right).

The answer to the first question is given by the Nyquist-Shannon-Kotelnikov sampling theorem.

Theorem 1.13 (Nyquist-Shannon-Kotelnikov sampling theorem). Any bandlimited signal g €
L5[0,1] of the form

o) = 3 Grm () (46)

ke=—ke
can be recovered exactly from n uniformly spaced samples g (0), g (1/n), ..., g((n —1)/n) as long
as the sampling rate fs :=n satisfies
fs =2k, + 1, (47)

which s known as the Nyquist rate.

Proof. To simplify the proof, we assume that n = 2k, + 1 for some integer ks > k.. We denote
the vector of samples by ¢, which equals

9(0) || Sk G m) i (0)
2 ke 1 ke 1 ke
Ce e k=—ke s k=—k.
g (5] [ G R ()| s (%5)

Now let us define a vector G € C" containing the Fourier coefficients of ¢ (padded by zeros if
ks Z kc)7

- Glk], if |k| <k,
0, otherwise.
By equation (48) we have
go= A, W - )G (50)
= FG. (51)



Figure 7: Reconstruction via linear inversion is equivalent to interpolation with a Dirichlet kernel.

By Lemma 1.6 the matrix F' has orthogonal columns, so that we can recover G and hence g from
Gn- O

To recover the signal we can build its Fourier series from its Fourier series obtained by inverting
the system of equations given by (51). Interestingly, this is exactly equivalent to interpolating the
samples with shifted Dirichlet kernels, as sketched in Figure 7.

Theorem 1.14 (Dirichlet-kernel interpolation). Let n := 2k, + 1 for some integer ks. As long as
ks > k., a bandlimited function of the form (46) is equal to

n—1

90 == 30 G/m) dygo (0 (52)

where d is a Dirichlet kernel (see Definition 1.10) with cut-off frequency ks.
Proof. Let us define the vector
iy = [exp (—i2mhyt) exp (—i2m(ky — 1)t) -~ exp (i2rkyt)]" (53)
such that the adjoint of the matrix F'in (51) can be expressed as
Fr=lay dyn - An-1y/m) - (54)

F scaled by 1/4/n is orthogonal, so

G =F*j, (55)
1 n—1

= =3 9G/n) dn. (56)
7=0

10



Now, we express g and the Dirichlet kernel in terms of a;,

k
_ 1 - —i2mkt
g(t)=— > Glkle (57)
k=—ke
e (58)
= —a/G,
ke
d[T] (t) — Z e*i27rk(tf’r) (59>
k=—ke
=a, d, (60)
We conclude
1., ~ .
g(t) =G by (59) (61)
IS s
== g(i/n)ajd;, by (56) (62)
j=0
1 .
=2 9(/n)dym(t) by (60). (63)
=0

]

Finally, another interesting question is what occurs when the cut-off frequency of the function
we are sampling k. is too large with respect to the sampling rate k. > ks so that we violate the
sampling-rate condition (47). The following example illustrates this.

Example 1.15 (Aliasing). We consider a function

ket+1
g(t)= Y Gk h(t). (64)
k=—ke
with cut-off frequency k. + 1 defined on the unit interval. We have set G [—k. — 1] to simplify
notation. Imagine that we underestimate its cut-off frequency and sample it at a rate ks := k./2
instead of k. + 1, gathering n := 2k, +1 = k.+ 1 samples. Let us define G as the vector containing
the Fourier coefficients of g. By (48) we have

= _];[—n]Qké o e ]_?:\([J’I’L] Eg:fl] ct E[Q/'/]L{:]S_;'_li| G_? <66)

= [ R R ]G (67)
1[G

= |F Fi| = ) 08
) .

since for any k EE:L] = ﬁﬁn by periodicity of the discrete complex sinusoids. Note that we have

separated Gy into its first and second half. Now we have a problem because [}7’ ﬁ} is clearly not

invertible!

11



Compare this to the situation where n = 2k, + 1. As we showed in the proof of Theorem 1.13
(with a different choice of indices that doesn’t affect the result) in that case

G==F*G, (69)

since F has orthogonal columns by Lemma 1.6.

What happens if we assume that this holds even if it doesn’t and we try to obtain G from Jn in
the same way? Then aliasing occurs:

q 1

Galiased - _f*gn (70)
n
e TG
= _F* - 1
= él + éz- (72)

The recovered spectrum is scrambled. We recover a function with cut-off frequency k. with a
spectrum that equals the sum of the spectrum of g and a copy that is shifted by k.. A

1.4 Discrete Fourier transform

By Lemma 1.6 the discrete complex sinusoids LFL["], e LA form an orthonormal basis of C™.
. . V0 el o :

This means that we can express any vector in terms of its coefficients in this representation. The

discrete Fourier transform (DFT), which extracts these coefficients, is consequently the discrete

counterpart of the Fourier series.

Definition 1.16 (Discrete Fourier transform). The discrete Fourier transform (DFT) of a vector
Z € C" are given by

X[k = <f,i‘i£ﬁ>, 0<k<n-—1 (73)
Equivalently,
X=wz (74)
where W* := fzgl] l_i[ln] ﬁglll]* W s known as the DEFT matrix.

Recovering a vector from its DF'T coefficients only requires inverting the linear transformation.

Lemma 1.17. ]fff contains the DF'T coefficients of £ € C", then

n—1
1 L
7==3 X[k A" (75)
n k=0
1 -
= —F*X. 76
- (76)



Proof. By Lemma 1.6 \%F is an orthogonal matrix, so

F*X = F*Fi (77)
=z (78)
0

As in the case of the Fourier series, the DFT coefficients of a shifted vector can be computed by
scaling linearly the DFT coefficients of the original vector.

Lemma 1.18 (Discrete time shift). We define the m-shifted version of a vector ¥ € C" by

where the shift is circular, so that ¥ (j +n) = Z(j). For any shift m we have
X [K] = exp (—i2mkm) X [K] . (80)
Proof.
n—1
Xim) [k] = > T [j] exp (—i27kj) (81)
=0
n—1l—-m
= 2l exp (—i27k (I +m)) (82)
l=—m
— exp (—i2mkm) X [k]. (83)
]

Remark 1.19 (Connection between the Fourier series and the DFT). If Z corresponds to samples
from a bandlimited function, as in Theorem 1.153, which are measured at the Nyquist rate, then the
DF'T coefficients of ¥ are equal to the Fourier series coefficients of the continuous function. This
follows from (51), since if we re-index the columns adequately (recall that Eﬁn = Ekn} for any k)
we have W = F*. The DFT, combined with the sampling period, consequently makes it possible
to compute the spectrum of continuous signals in practice!

Figure 8 shows the DFT of an electrocardiogram signal. Its frequency representation makes it
possible to locate and remove interference caused by the power-line system.

The DFET of a signal of length n can be obtained with complexity O (nlogn) by applying the fast-
Fourier transform (FFT) algorithm described below. It is difficult to overstate the importance of
this method, which makes it extremely efficient to compute the DFT. The algorithm relies on the
following lemma, which you will prove in the homework.

Lemma 1.20. Let W denote the n x n DFT matriz and assume that n is even. Then for
k<n/2

2k
W[n]f[k] =whAg [k] + exp (—z :LT ) w2z (K], (84)
] = /2] = 27K g2 =
WME [k +n/2] = WEE o0 [k] —exp | — . WEE qq [K] - (85)

13



Data Spectrum
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Figure 8: Electrocardiogram data (top left), along with its spectrum (top right). We separate the
spectrum into a low-pass (blue) and a high-pass (red) region. The low-pass region corresponds to the
signal of interest (bottom left), whereas the high-pass component corresponds to power-line interference
(bottom right).
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Figure 9: W®) can be decomposed into even columns (blue) and odd columns (green). As we will see,
it is also useful to distinguish the top half (dark) from the bottom half (light).

Algorithm 1.21 (Fast Fourier transform). If n = 1, then set W& := Z. Otherwise apply the
following steps:

1. Compute WAz 0.
2. Compute WIMAZ 4.

3. Fork=1,2,...,n/2 set

12
Wiz k] .= WAz, . [k] + exp (—Z 7Tk) Wz, 44 (K], (86)
n
Wz 2y 27K\ 1)
W Ziny2 = W S Zgyen [k] —exp | — p W=z qa [K] - (87)

In Figures 9 ,10, 11, 12 we visually depict the FFT algorithm for n = 8. Figure 13 shows the
recursion tree, which illustrates why the runtime is O(nlgn).

The DFT can be extended to two dimensions by considering two-dimensional sinusoidal atoms
obtained by taking the outer product of the one-dimensional discrete complex sinusoids of different
frequencies.

Definition 1.22 (Two-dimensional DFT). The 2D DFT M of a matriz M € C™" is given by

—~

MIK] = <M, E§3k2>, 0<hiks<n—1, (88)

15
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Figure 10: The odd columns of W(®) can be calculated from the evens by scaling the rows.

Figure 11: The bottom and top half of the even columns are the same. Both are a DFT matrix of size
4=n/2.

X[0] [0 —2m<o>/8 1
)_('[2] x|4 e—2mi(2)/8 z|b
X|3] |6 e—2mi(3)/8 x|7
Z[0 o—2mi(4)/8 ZN

B Z[2 o—27i(5)/8 Z[3

= | T —2ri(6)/8 7[5

Z[6 o—2mi(7)/8 Z|7

Figure 12: The n = 8 FF'T calculation represented using only the dark blue portion of the matrix. The
reduces the n = 8 FFT to two calls ot the n =4 FFT and then O(n) work to combine the results.
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Figure 13: The recursion tree for the FFT.
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Figure 14: The logarithm of the magnitudes of the 2D DFT coefficients of the image on the left are
shown on the right.

where
72D 7] (70"
Py ey 1= Ty (hk2) (89)
B 1 e@ o ei27rk275n—1)
i2mky 27 (k1 +kg) i2n (k1 +ko(n—1))
e n e n e n
= ) (90)
27k (n—1) 27 (k1 (n—1)+ko) 27 (k1 (n—1)+kg(n—1))
n e n ce.ee n
Equivalently,
M =WMW, (91)
where W = }_i([)"] }2[1"] e Eﬁl] is the 1D DFT matriz.

Figure 14 shows an image along with the magnitudes of its 2D DFT coefficients. As is often
the case for natural images, most of the energy is concentrated in the lower end of the spectrum.
Figure 15 shows the result of projecting different components of the spectrum of the image (see the
right image of Figure 14) onto the image domain. The low-pass component captures low-resolution
variations, the band-pass component higher-resolution details and the high-pass component high-
frequency fluctuations.

1.5 Compression

The discrete cosine transform (DCT) is a variant of the discrete Fourier transform for real discrete
signals. The DCT is obtained from the DFT by assuming that the signal is symmetric (but
only one half is observed). In that case the DFT components correspond to discrete cosines (the

18
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Figure 15: Image corresponding to the low-pass (left), band-pass (center) and high-pass (right) compo-
nents of the image in Figure 14. The corresponding regions of the spectrum are shown in Figure 14.
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Figure 16: 8 x 8 DCT basis vectors.
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Figure 17: Result of projecting each 64-pixel patch from the natural image in Figure 14 onto the lowest
1, 5, 15, 30 and 50 2D DCT basis functions.

8

4102

Figure 18: Average magnitudes of each 2D DCT coefficient in a database of patches extracted from
natural images.

coefficients corresponding to the sines are zero due to symmetry). The two-dimensional DCT is a
very important tool in image processing. Figure 16 shows the basis vectors of the 8 x 8 2D DCT.

One of the main reasons that the 2D DCT is so useful is that the energy of natural images are
highly concentrated in their low-frequency components. Figure 18 shows the average magnitudes
of each 2D DCT coefficient in a database of patches extracted from natural images. Figure 17
shows the result of dividing the image into 64-pixel patches and projecting it onto the span of the
low-frequency DCT basis functions. Ignoring some of the high-frequency components is almost
imperceptible. This is the main insight behind the JPEG method for lossy compression of digital
images. JPEG divides the image in 8 x 8 patches and then quantizes each band differently, using
more bits for lower-frequency bands where differences are more apparent.

Algorithm 1.23 (JPEG compression (for grayscale images)). 1. Choose a quality setting Q) €
(0,100).

2. Divide image into a collection of 8 X 8 pixel patches.

20



16 11 10 16 24 40 51 61
12 12 14 19 26 58 60 55
14 13 16 24 40 57 69 56
14 17 22 29 51 87 80 62
18 22 37 56 68 109 103 77
24 35 55 64 81 104 113 92
49 64 78 87 103 121 120 101
72 .92 95 98 112 100 103 99 |

Figure 19: JPEG DCT Quantization Matrix

Figure 20: Natural image compared to the result of quantizing the lowest 16 DCT coefficients of each
patch, the highest 16 DCT coefficients of each patch and applying JPEG Compression with ¢ = 90
(which yields a compression factor of between 4 and 5).

3. Compute the 2D DC'T of each patch.

4. Quantize the 2D DC'T of each patch separately. Let P € R®® denote the 2D DCT of a patch
and let M denote the JPEG quantization matriz shown in Figure 77. Set

=, P
Pij = round (S(Q)Mz) S(Q>MZ]7 (92)
where S(Q) is the quality scaling factor:
W9 if Q > 50
S = 50 ’ 93
(@) {% otherwise. (93)

5. Encode into a file. When viewing, the decoder will compute the inverse 2D DCT of each
quantized patch P’ to display the image.

2 Convolution

2.1 Continuous convolution

Convolution between functions is a fundamental operation in signal and image processing.

21



Figure 21: Two functions f and g.

Figure 22: The result of convolving functions f and g from Figure 21.

Definition 2.1 (Convolution). The convolution of two functions f,g € Lo][—1/2,1/2] is defined
as

1/2

frg(t):= s fu)g(t—u) du. (94)

Figures 21, 22 and 23 illustrate the operation with a simple example. To compute the value of
the convolution between two functions at point ¢, we (1) fix one of them (f (u)), (2) flip and shift
the other by ¢ (¢ (t — u)) and (3) integrate their product.

Convolution in time (or space) is equivalent to multiplication in frequency. This implies that we
can compute convolutions very efficiently using the FFT.

Theorem 2.2 (Convolution in time is multiplication in frequency). Let r := f x g for f,g €
Lo]—1/2,1/2]. Then

Rk = F[KGK. (95)

22



f(#)g(0.7—1) f(#)g(23—1)

pZdi /

-0.3 0.7 1 2 1 1.3 2 2.3

Figure 23: Position of the two functions in Figure 21 when they are multiplied to compute the value of
their convolution at 0.7 (left) and 2.3 (right).

Proof.
1/2
R[k] := / exp (—i27kt) f * g (¢) dt (96)
—1/2
1/2 1/2
= f(u) / exp (—i2mkt) g (t — u) dtdu (97)
~1/2 ~1/2
1/2
= f(u) G[k]exp (—i27ku) dtdu by Lemma 1.12 (98)
~1/2
= F[K]GK]. (99)
]

The convolution theorem shows that we can compute convolutions between continuous functions
by just multiplying their Fourier coefficients. It can also be used to prove the central limit theorem.

Example 2.3 (Sketch of a proof of the central limit theorem). The convolution theorem provides
insight into why the distribution of sums of independent random variables become Gaussian in
the limit.

Theorem 2.4 (Pdf of the sum of two independent random variables). The pdf of z = x+Yy, where
x and 'y are independent random variables is equal to the convolution of their respective pdfs fx

and fy,

L= [ femwhw d (100)
Proof. Note that
F,(2)=P(x+y<2) (101)
/ ) / fxy(z,y)dzdy (102)
[ [t pdudy w=s+y) (103

= / / Fry(u = y,y)dy du, (104)
u=—00 J y=—00
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Figure 24: Result of convolving two different distributions with themselves several times. The shapes
quickly become Gaussian-like.
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where swapping the integrals is justified since the pdfs are nonnegative. Applying independence
shows

o= | T ey dy = / T A W) dy. (105)

oo o0

JAN

Now let us consider a sequence of iid random variables x;, x5, x3, ... with pdf f. The pdf of their
sum is given by

fog s (@) = (fxfx)(2). (106)

Convolutions have a smoothing effect, which eventually transforms the pmf/pdf into a Gaussian!
We show this numerically in Figure 24 for two very different distributions: a uniform distribution
and a very irregular one. Both converge to Gaussian-like shapes after just 3 or 4 convolutions.
The central limit theorem makes this precise, establishing that the shape of the pmf or pdf does
indeed become Gaussian asymptotically. A

2.2 Discrete convolution

Definition 2.5 (Discrete convolution). The circular convolution of two vectors T,y € C" is defined
as

n—1

Exjljl=> &mlgli-m], 0<j<n-1, (107)

=0

(108)

where the shifts are circular, so that Z[j] = Z[j +n| and §[j] = ¥y [j + n].

Circular convolution can be expressed as multiplication with a convolution matrix.

Definition 2.6 (Convolution matrix). The convolution matriz corresponding to a vector ¥ € C"
contains every possible shift of the entries of i in its rows

glop — yln =1} - gl2] y[1]
yln=1] gln—2] --- y[1] F[0]

Matrices with this structure are called circulant matrices. Assuming that the vectors entries are
numbered from 0 to n— 1, the convolution between y and any other vector ¥ € C™ can be expressed
as

T = CyT. (110)

Theorem 2.7 (Convolution in time is multiplication in frequency). Let 77 := Z *x ¢ for &,y € C".
Then

Rk =X [k]Y [K]. (111)
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Proof.

R[k] = y exp (—i27ky) ; Z[m]ylj —m] (112)
= Z Z exp (—i2wkj) y'[j — m] (113)
= T 7 [m] exp (—i2rkm) Y [k] by Lemma 1.18 (114)
= }_[/@] Y [k]. (115)

[]

Let Ay contain the DFT of an arbitrary vector ¢ € C". We can express the convolution of ¢ with
any vector ¥ € C" as

Cy=Tx7q (116)
lW*A X (117)

n

1
~WIAGWE. (118)

This immediately implies that the discrete sinusoids in the columns of the DFT matrix are eigen-
vectors of the convolution matrix.

Corollary 2.8 (Eigendecomposition of circulant matrices). A circulant matriz Cy corresponding
to a vector i has an eigendecomposition of the form

1
Cy= W AW (119)

Convolution can be extended to two dimensions by using 2D shifts.

Definition 2.9 (Two-dimensional discrete convolution). The circular convolution of two matrices
My, My € C™™™ 4s defined as

n—1 n—1

My x My [7,1] ZZMlmuMg[]—ml—u] (120)

m=0 u=0

where the shifts are circular, so that M [j,1] = My [j +n,l + n].

In two dimensions, convolution is again equivalent to multiplication in the 2D DFT domain. We
omit the proof, which is similar to the one for the 1D case.

Theorem 2.10 (Convolution in space is multiplication in frequency). Let R := M; x My for
My, My € C™™™, Then

R[ky, ko) = My [k, ko] My [y, ko] . (121)
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Figure 25: The top row shows a natural image (left), a blurring kernel (center) and the corresponding
blurred image (right). The bottom row shows the magnitudes of the 2D DFT coefficients of the three
images on a logarithmic scale.

2.3 Wiener deconvolution

In imaging, the resolution of lenses is limited by diffraction. If the resolution is low with respect to
the number of pixels in the image, this is perceived as blur. A simplified model for a blurred image
B is the convolution of the high-resolution images, which we represent by a matrix X € R"*",
and a convolution kernel K € R™ " that depends on the optical system

B=KxX. (122)

In the frequency domain, the 2D DFT of the image equals the product between the DFTs of the
high resolution image and the convolution kernel

B=KoX, (123)

where o denotes the Hadamard or entry-wise product. Figure 25 illustrates this model with an
example. In the frequency domain, we can see how the high-end of the spectrum of the image is
suppressed by the filter. Recovering the high-resolution image from these data is easy. We just
need to invert the action of the kernel,

)?est = [?dec o S} (124)

where the spectrum of the deconvolution kernel is the inverse of the spectrum of the convolution
kernel

~ 1
Kdec[klakZ] ==

— 0<knk<n—1, (125)
Kdec[klakZ]

27



K dec X est

"

-120
10* 10*
- 10° - 10°
10% 102
10" 10t
10° 100
107 107
107 107
107 107
- 10 - 10*
10° 10°
-0. 10° -0 10°
-0.4 -0.2 0.0 0.2 0.4 107 -0.4 -0.2 0.0 0.2 0.4 107

Figure 26: The top row shows a blurred image (left), a deconvolution kernel obtained by inverting the
spectrum of the convolution kernel K in Figure 25 (center) and the corresponding deconvolved image
(right). The bottom row shows the magnitudes of the 2D DFT coefficients of the three images on a
logarithmic scale.
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assuming that it is nonzero everywhere. Figure 26 shows that this scheme works perfectly on our
simulated data. The deconvolution filter amplifies the high-frequency components to undo the
effect of the convolution kernel.

Unfortunately, real data always contain noise. We take this into account by incorporating a noise
term to our model

Buoisy = K * X + Z, (126)

where Z € R™ ™ represents the noise. Figure 27 shows the noisy data. As opposed to the
image, which has most of its energy concentrated in the low frequencies, the energy in the noise is
distributed uniformly across all the spectrum. This is not surprising, since the noise is iid Gaussian
and the 2D DFT is an orthogonal transformation (up to a constant). By Theorem 2.3 in Lecture
Notes 3, the DFT of the noise is consequently also Gaussian with a unit covariance matrix, so
that the variance of each corresponding frequency coefficient is the same.

What happens if we apply our deconvolution scheme to the noisy blurred image? The result is
catastrophic, as you can see in Figure 28. The reason is obvious when we look at this in the
frequency domain. The high-end of the spectrum of the noisy blurred image is dominated by
the noise. The deconvolution filter amplifies this high-frequency noise drowning out the actual
image! In order to avoid this effect while deconvolving it is necessary to take into account the
ratio between the noise level and the signal level at each frequency. Wiener filtering is a principled
way of doing this if we can have a prior estimate of the spectral statistics of the signal and the
noise.
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Figure 27: The top row shows a blurred image (left), additive Gaussian noise (center) and the corre-
sponding noisy blurred image (right). The bottom row shows the magnitudes of the 2D DFT coefficients
of the three images on a logarithmic scale.
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(right). The bottom row shows the magnitudes of the 2D DFT coefficients of the three images on a
logarithmic scale.
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The version of Wiener filtering that we present here makes the assumption that the DFT coef-
ficients of the image and of the noise are uncorrelated. However, the method can be adapted
to the case where the correlations are known. Let us model each DFT coefficient of the signal
and the noise as random variables with known means and variances. For simplicity, we subtract
their respective means, so that both random variables have zero mean. This makes it possible to
interpret the random variables as vectors in the vector space of zero-mean random variables.

Theorem 2.11 (Vector space of zero-mean random variables). Zero-mean complez-valued random
variables form a vector space with the usual summing and multiplication operations. The zero
vector is the random variable that equals one with probability one.

Proof. If two random variables have zero mean, any linear combination of the variables also has
zero mean because of linearity of expectation. O]

The covariance between two random variables is a valid inner product in this vector space, which
means that uncorrelated random variables are orthogonal.

Theorem 2.12 (Inner product for zero-mean random variables). The covariance

(x,y) = Cov (x,y) (127)
=E(xy) (128)

15 a valid inner product in the vector space of zero-mean random variables. The corresponding
inner-product norm is the variance,

][, = Var (x) (129)

Proof. This follows directly from linearity of expectation and the assumption that all the random
variables are zero-mean. The fact that (x,x) = 0 implies x = 0 with probability one follows from
Chebyshev’s inequality. In more detail, if ||x[|, , =0, for any € > 0

Var (x)

2

P (x| > ¢) < ~0 (130)

€

so x with probability one. O

The problem of estimating each DFT coefficient from the measured DFT coefficients now boils
down to estimating a zero-mean random variable x given a measurement of the form

y =ax+ z (131)

where a represents the value of the DFT coefficient of the convolution kernel. The following
theorem derives the best linear estimate of x given y assuming that the signal and the noise are
uncorrelated.

Theorem 2.13 (Linear estimation). Let

y =ax+ z (132)
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where a 1s a known constant and x and z are uncorrelated zero-mean random wvariables with
variances o2 and o2 respectively. The linear estimate of x given 'y

XMMSE (= Wy (133)
that minimizes the mean square error
E ((X - XMMSE)z) (134)
s given by
aoly
XMMSE = [aPo? + o2 (135)

Proof. We need to find the vector x in the span of y that minimizes

Ix = %[y = E((x—%)%). (136)

By basic linear algebra, this is just the orthogonal projection of y onto x! The projection is given
by

y y
Ps an X=X, (137)
pen) < [yl <.,>> ¥1l.y

This implies that

1
w = x, — (138)
HYH<.,.> |yl ()

_ (x,ax 4+ z) (139)
==
|lax + z|[,_,
— 2 —
al||lx||;. ., ta(X,z
_ Il 2< ) (140)
|lax + z][,_,
allx|l;
= s by orthogonality and the Pythagorean theorem (141)
lal? [1x|[,. .y + |zl
— 2
ac?
= —|a|203< o7 (142)
O

Wiener filtering consists of estimating the statistics of the signal and the noise, and then applying
the best linear estimate at each frequency coefficient. In this version of the method we assume
that the DF'T coefficients of the signal and noise are all uncorrelated and that the noise has zero
mean.

Algorithm 2.14 (Wiener filtering). Given a noisy blurred image Byoisy € R™ ™ and a kernel
K € R™™ apply the following steps:
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Figure 29: The top row shows a blurred image (left), the Wiener filter obtained by applying Al-
gorithm 2.14 (center) and the corresponding deconvolved image (right). The bottom row shows the
magnitudes of the 2D DFT coefficients of the three images on a logarithmic scale.
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1. Estimate the variance of each 2D DFT coefficient of the noise oz [k, kQ]Q.

2. Estimate the mean px k1, ka| and variance ox [k, /{:2]2 of each 2D DFT coefficient X [y, ko]
of the image using a database of images.

3. Compute the 2D DF'T coefficients of the noisy blurred image Enoisy and the kernel K .
4. For0 <ki, ko <n-—1

o (Center Enoisy[krl, ka] by subtracting I?[/cl, kolpx [k1, ko).

o Set
Klky, koo [k, ks]?
Wlky, ko] == — L L kofox [21 2 : (143)
|K [k, koo x [k1, ko™ + 07 k1, ko
Xw = px [kl, kz] + W[lﬁ, k2]Bnoisy [k«‘h k‘z] . (144)

5. Compute the inverse 2D DFT of Xy .

Figure 29 shows the result of applying Wiener filtering to our running example.

32



Signal Data

! \
ll - '
) \ \
B \ ’\ \
N A L 4 S
T T T + r
,' ll 1 \\ 1 \ 1
b ' ' \ i \ '
) \ ' \ ' ' I
) \ ' Voo ° '
K 1 ' Vo v !
) Vo o e
L Vo ' \
) Vo v/ Vo
L Vo
v

Figure 30: The goal of spectral super-resolution is to estimate the frequencies of a multisinusoidal signal
like the one on the left from the finite samples shown on the right.

3 Spectral Super-resolution

3.1 The spectral super-resolution problem

The aim of spectral super-resolution is to estimate the components of a multisinusoidal signal from
finite data. This problem arises for example in radar, radio telescopy and other applications where
we want to determine the direction of arrival of a propagating wave using an array of sensors. Here
we will look at a basic version of the problem. Consider a multisinusoidal signal of the form

9(t) = > elilexp (~i2n ). (145)

which is the weighted sum of s complex sinusoids. The goal of spectral super-resolution is to
estimate the frequencies fi, f2, ..., fs and the corresponding complex-valued amplitudes ¢[1],
c[2], ..., €[s] from a finite number of samples of g, as illustrated in Figure 30 (in the figure the
amplitudes are real for ease of visualization). We assume that the frequencies lie in a unit interval,
for example in [—1/2,1/2] and the samples are measured at integer values from —(n — 1)/2 to
(n—1)/2 (n is assumed to be odd to simplify the exposition).

One can model the spectrum of g as spikes with amplitudes ¢y, co, ..., ¢, located at the frequencies
f1, fa, .., fs. To make this mathematically precise, we introduce the Dirac measure.

Definition 3.1 (Dirac measure). A Dirac measure ;) is a measure associated to a point T, which
assigns a value of one to sets that contain T and zero to sets that do not,

i () = {1 yres, (146)

0 otherwise.

Even though it is often called a Dirac delta function, the Dirac measure is not a function. It can
however be interpreted as a distribution or a generalized function such that for any function h we

have
[ ) ) = {h“) yres, (147)

0 otherwise.
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Although a rigorous justification is beyond the scope of these notes, one can define the Fourier
series of a distribution and in particular of a Dirac measure. The coefficients are obtained by
integrating the complex sinusoidal atoms hy, k € 7Z, against the measure. We can now interpret
the spectral super-resolution problem as that of estimating the support of the measure

ng =)l (148)

j=1

from a finite subset of Fourier coeflicients

/2 1/2
| Iy (dw = Yol [ Rty (du) (149)

1/2 =1 1/2
=) " éljlexp (—i2nkf;) (150)
j=1
—1 —1
—g(k), —-<k< (151)

In the next section it will become apparent why this is a super-resolution problem.

3.2 The periodogram

In order to estimate the frequencies of g from the available samples, we can compute the truncated
Fourier series of the measure p,. This is known as the periodogram in the signal processing
literature.

Definition 3.2 (Periodogram). The periodogram of a vector of data y € C" is defined as

n—1

Pyu):= Y Gk h(u), (152)

—_n—-1
k= 2

where hy is a complex sinusoid with integer frequency k and the entries of the data are numbered
from —(n—1) /2 to (n— 1) /2 for ease of exposition.

The periodogram can be interpreted as the convolution between a Dirichlet kernel with cut-off
frequency (n — 1) /2 and the measure p,.

Lemma 3.3. The periodogram of g (—(n — 1) /2), ..., g ((n — 1) /2) where g is the multisinusoidal
function defined by equation (145) equals

P, (u) = Z clildyy, (u) . (153)

j=1

Proof. By Definition 1.10 and Lemma 1.12 the Fourier coefficients of a Dirichlet kernel with cut-off
frequency (n — 1)/2 shifted by f are equal to

Dy ] = {exp(—i27rkf) if k| < (n—1)/2 (154

o otherwise.
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This implies that the samples

S

—1 —1
Z D[f] _n2 Skﬁnz ) (155)

J=1

are exactly equal to the Fourier coefficients of the periodogram, so that

Py (u) = i g (k) hy (u) (156)
=2l D2 Digy K] b (w) (157)
=2 clildiyy (u). (158)

]

Recall that the width of the main lobe of a Dirichlet kernel is inversely proportional to its cut-off
frequency, which in this case equals (n — 1)/2. As we gather more samples, the widths become
narrower and narrower, revealing the location of the frequencies of interest. The resolution at which
we observe the spectrum g, is consequentially tied to the number of data. This is illustrated in
Figure 31.

Computing the periodogram does not solve the super-resolution problem, it just allows to visualize
a lower resolution version of p,. If the frequencies fi, ..., fs are far apart, the local maxima of
P are a good indication of their location. The problem with this approach is that the side
lobes corresponding to large amplitudes may mask the presence of smaller spikes. As a result,
the periodogram is not very useful if the spikes are not far enough from each other or if their
amplitudes differ substantially, even if no noise is present in the data. The image at the center of
Figure 32 illustrates this: detecting some of the lower-amplitude spikes from the periodogram is
impossible.

In order to alleviate the interference caused by the side lobes of the Dirichlet kernel, one can
window the data before computing the periodogram.

Definition 3.4 (Windowed periodogram). Let us define a bandlimited window function w with
Fourier coefficients W [k] that are only nonzero if |k| < (n —1)/2. The windowed periodogram of
a vector of data vy € C" is defined as

= Y WIklg k) h(u). (159)

Following the exact same reasoning as in the proof of Lemma 3.3,

s

P, (u) = Z c [glwiy, [u] - (160)

j=1
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(increasing downwards). In the limit where n x oo the frequencies are completely resolved.

Figure 31



—— Data — Window function
—— Windowed data

— Signal (magnitude)
—— Periodogram

—— Signal (magnitude)
—— Windowed periodogram

P,

Figure 32: Data before (top left) and after applying a window function (top right). No noise is added to
the data. Below we see the periodogram (center) and windowed periodogram (bottom) computed from
the data. The scaling of the periodograms is set so that both the large and small peaks can be seen on
the plot.
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Figure 33: Periodogram (left) and windowed periodogram (right) for two signals with identical ampli-
tudes but different minimum separations.

where w denotes the inverse Fourier transform of the window function. Ideally, w should be as spiky
as possible to make it easier to locate the frequency locations from the windowed periodogram.
However, this is challenging due to the constraint that @ has finite support and hence w is a
low-pass function.

In the image on the top right of Figure 32 we apply a Gaussian window to the data. To be more
precise, we set W to be a truncated Gaussian, so that w is also approximately Gaussian. The
resulting periodogram, shown at the center of Figure 32, has much less spectral leakage from the
largest signal components, due to the fact that the Gaussian window has lower side lobes than
the periodized sinc. However, the latter is spikier at the origin, which allows to better distinguish
neighboring spikes with similar amplitudes. In general, designing an adequate window implies
finding a good tradeoff between the width of the main lobe and the height of the side lobes. We
refer the reader to [2] for a detailed account of design considerations and types of window function.

3.3 Prony’s method

Prony’s method solves the spectral super-resolution problem exactly in the absence of noise by
encoding the position of the s frequencies of interest as the zeros of a trigonometric polynomial of
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order s. The following theorem shows that such a polynomial always exists.

Theorem 3.5 (Prony polynomial). Given any set of frequencies fi, fa, ..., fs in the unit interval,
there exists a nonzero complex polynomial of order s

p(z) = ZP[/@]Z’“, (161)

which we call a Prony polynomial, such that its s roots are equal to exp (27 f1), exp (27 fs), ...
exp (21f,)

Proof. Consider the polynomial
p(z) =[] (1 —exp (—i2nf;) 2). (162)

If we expand the product, we have

p(z) =1+ Pk (163)
k=1
for some P (1], ..., P[k]. Since p(0) = 1, the polynomial is nonzero and by the fundamental
theorem of algebra it has at most s roots. By construction,
p(exp (i2m f;)) = 0 (164)
for 1 < j < s, which establishes the result. ]

If we are able to compute such a polynomial, then finding its roots immediately reveals the
frequencies of interest. Prony’s method consists of building a system of linear equations from the
available data, such that its solution is equal to the coefficients of the Prony polynomial. The
following theorem shows how to build the system.

Theorem 3.6 (Prony system). Let P[k] denote the kth coefficient of the Prony polynomial defined

in Theorem 3.5 and let g be the multisinusoidal function defined by equation (145), for any integer
b

iP[Z]g[l — b =0 (165)
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Proof.

S Pligll — b] = ZP / Fi (g (du) by (151)

1=0 —1/2

1/2 s
= / exp (i2wbu) Z Pl exp (—i27lu) py (du)

1/2 1=0
1/2
= / exp (i2mbu) p (exp (—i27mu)) g (du)
~1/2

— Z clj) exp (i2wbf;) p (exp (—i2n f;))

=0.

(166)

(167)

(168)

(169)

(170)

[]

Notice that equation (165) only involves samples of g between —b and s — b. Prony’s method
consists of setting up enough such equations in a system so that the solution yields the coefficients

of the Prony polynomial, which can then be used to estimate the frequencies.

Algorithm 3.7 (Prony’s method). The input is the number of frequencies s that we aim to

estimate and 2s + 1 uniform samples of multisinusoidal function defined by equation (145).

1. Form the system of equations

g(1) 9(2) 9(s) 9(0)
9(0) g(1) gs=D| g_ _| 9(=1) |
g(—=s+2) g(—=s+3) g(1) g(=s+1)

where P € Cs.
2. Solve the system to obtain P.

3. Root the polynomial

to obtain its s roots z1, ..., Zs.

(171)

(172)

4. For every root on the unit circle z; = exp (12n7) include T in the set of estimated frequencies.

This procedure is guaranteed to achieve exact recovery of the original signal. This implies that
in a noiseless scenario spectral super-resolution is achieved using only n = 2s + 1 measurements,
which is essentially optimal since we need to estimate 2s free parameters (the s frequencies and

the corresponding amplitudes).
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Figure 34: Prony polynomial applied on noiseless data (left). The image on the right shows the effect
of adding a very small quantity of noise to the data. The roots of the polynomial no longer coincide with
the frequencies of the original signal. Note that the vertical axis is scaled differently in the two images.

Lemma 3.8. In the absence of noise, Prony’s method recovers the frequencies of a multisinusoidal
function of the form (145) exactly.

Proof. The coefficients of the polynomial (161) are a feasible solution for the system of equa-
tions (171). In fact, they are the unique solution. To show this we compute the factorization

9(1) 9(2) 9(s)
0 1 s—1
9(0) 9(1) gls =1)| _ (173)
9(=s5+2) g(=s+3) 9(1) |
[ e~ i2mf1 e~ 2 f2 e—i2mfs | _5[1] O --- 0 | _1 e—i2mfi L. @*127?(5*1)]‘1—
1 1 . 1 0 ¢c[2] -~ 0 | |1 ei2nf2 e~ 2r(s=Df2
e—i27r(2—s)f1 e—i27r(2—s)f2 6—7227r(2—5)fS 0 0 . E[S] 1 6—7L27rfS . e—i27r(s—1)f5

The diagonal matrix is full rank as long as all the coefficients ¢[j] are nonzero, whereas the two
remaining matrices are full rank by the following lemma, proved in Section 4.1 of the appendix.

Lemma 3.9 (Vandermonde matrix). For any distinct set of s nonzero complex numbers z1, zo, . . . , Zs
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and any positive integers my, mo, s such that mg — my + 1 > s the Vandermonde matrix

mi mi . mi
21 Z2 Zs
mi+1 mi+1 mi+1
Zl 2’2 ) ZS
mi1+2 mi1+2 mi1+2
2 2y s 2t (174)
m2 m2 mo
| ~1 <2 s

1s full rank.

As a result, the matrix in (171) is full rank, so the system of equations has a unique solution equal
to (161). This completes the proof. O

Unfortunately, Prony’s method as presented above cannot be applied to real data even if the
signal-to-noise ratio is exceptionally high. The image on the left of Figure 34 shows how the
Prony polynomial allows to super-resolve the spectrum to very high accuracy from noiseless data.
However, on the right we see the result of applying the method to data that have a very small
amount of noise (the ratio between the ¢; norm of the noise and the noiseless data is around
1078!). The roots of the Prony polynomial are perturbed away from the points of the unit circle
that correspond to the true frequencies, so that it is no longer possible to achieve accurate spectral
super-resolution. It is consequently necessary to adapt the method to deal with noisy data if there
is to be any hope of applying it in any realistic scenario. This is the subject of the following
section.

3.4 Subspace methods

In this section we consider the spectral super-resolution problem when noise is added to the data.
First, we will generalize Prony’s method so that it can use more data than just 2s 4+ 1 samples.
Applying Prony’s method is equivalent to finding a nonzero vector in the null space of Y (s + 1)T,
where Y (m) is defined for any integer m as the Hankel matrix

gop gl - gn—m]
Yy (m) — g[l] 5[2] T ?j[n -—m+ 1] : (175)
gim—=1 gm] - yln-1]
where
gkl =g(-k+1) 0<k<n. (176)

The vector in the null space of Y (s + 1)T corresponds to the coefficients of the Prony polynomial,
which we can root to find the frequencies of g.
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In the absence of noise, Y (m) can be decomposed in the following way

1 0 e 0 C_’:O:n—m (fl)T
0 Co e 0 aO:n—m (f2)T
Y (m) - [JO:m—l (fl) dO:m—l <f2) e C?O:m—l (fs)

0 0 Cs 60:n—m (fs)T

= Apm 1 C AL, (177)
where for £ > 0 we define
T

do.x (u) == [1 exp (—i2mu) exp (—i2m2u) --- exp(—i27ku)| , (178)
Ao = |dos (1) o () -+ dou (1)) (179)

This decomposition suggests an alternative way of estimating the spectrum from Y (m): finding
sinusoidal atoms @p.,,,—1(u) that are in the column space of Y (m + 1). Lemma 3.10 below proves
that the only atoms of this form that belong to the column space of Y (m) are precisely @o.m—1 (f1),

60:m71 (f2)7 SR d‘O:mfl (fs)

In order to apply the same idea in the presence of noise, where
ylk] = g(—k + 1) + z]k| 0<k<n, (180)

for some additive perturbation 2z, we check what atoms are close to the column space of Y (m).
To quantify this we compute the orthogonal complement N of the column space of Y (m) and
construct the pseudospectrum

1
® 1Py (Gom1(w)]

where Py denotes a projection onto A. If an atom is almost orthogonal to A then Py will have
a very large value at that point.

Py(u) = lo _, (181)

The following lemma shows that the maxima of the pseudospectrum reveal the frequencies of
interest of the signal in the noiseless case.

Lemma 3.10. Let N be the null space of the empirical covariance matriz 3 (m) for m > s. Then

Py(fj) =00, 1<j<s, (182)
Py (u) < o0, foru ¢ {fi,..., fs}. (183)
Proof. By (177) the atoms do.m-1(f1), -- -, @o.m—1(fs) span the column space of Y (m) and X (m).

As a result they are orthogonal to the null space N of the empirical covariance matrix, which
proves (182).

We prove (183) by contradiction. The atoms do.m—1(f1), ---, Go.m—1(fs) span the orthogonal
complement to A. As a result, if @p.,_1(u) is orthogonal to N for some u then ., 1(u) is in
the span of @o.n_1 (f1), -+, Go:m—1 (fs). This would imply that AT~ (T'U {u}) is not full rank,
which can only hold if u € {fi,..., fs} by Lemma 3.9. O
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No noise SNR = 140 dB

v U

Figure 35: Pseudospectrum corresponding to the data used to construct the Prony polynomials in
Figure 34. The true frequencies of interest are marked with red circles.

Figure 35 shows the pseudospectrum corresponding to the data used to construct the Prony
polynomials in Figure 34 when n = 2s 4+ 1. In the noiseless case, the pseudospectrum achieves
exact super-resolution. Unfortunately, the locations of the local maxima are severely perturbed
by even a very small amount of noise.

The subspace N is the null space of the empirical covariance matrix

5 (m) = n_;mﬂyy* (184)
R 1
:n_—mHZ y[‘7..+.1] Gl g+l - yhi+m—1]. (185)
=0 ylj+m—1]

In order to obtain an estimate that is more robust to noise, we can average over more data. If
we fix m and increase n, the column space of ¥ (m) remains the same, but the averaging process
will cancel out the noise to some extent. This is the principle underlying the multiple-signal
classification (MUSIC) [1,4].

Algorithm 3.11 (Multiple-signal classification (MUSIC)). The input is the number of frequencies
s, the data y, which are assumed to be of the form (180) and the value of the parameter m > s.

1. Build the empirical covariance matriz ¥ (m) defined in (184).

2. Compute the eigendecomposition of X (m) to select the subspace N corresponding to the m—s
smallest singular values.

3. Output an estimate of s estimated frequencies by locating the s highest peaks of the pseu-
dospectrum

1
Py(u) =1 : 186
N(u) o8 |7D./\/ (60:m71> |2 ( )
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SNR = 40 dB SNR =1dB

Figure 36: Pseudospectrum constructed by the MUSIC algorithm with n = 81 and m = 30 for the same
signal used in Figure 34 and different noise levels. The true frequencies are marked with red circles.

By Lemma 3.10, in the absence of noise MUSIC achieves perfect super-resolution. When additive
Gaussian noise is present in the data, MUSIC is much more robust than Prony’s method. Figure 36
shows the result of applying MUSIC algorithm with n = 81 and m = 30 to the same data used
in Figure 34 and different noise levels. The method is able to super-resolve the frequencies at a
noise level of 40 dB. At 1 dB the pseudospectrum does not detect the smaller spikes (the true
magnitudes are shown in Figure 34), but the estimate for the rest is still rather accurate.

In order to provide a theoretical justification of why MUSIC is stable we study the method in an
asymptotic regime where the two following assumptions on the signal and the noise are met:

e Assumption 1: Consider the amplitude and phase of each coefficient in the multisinusoidal

signal g:

dj] = ajexp (ig;),  1<j<s, (187)
We model the phases ¢, ..., ¢ as independent random variables that are uniformly dis-
tributed in [0,27]. The amplitudes a4, ..., as can be arbitrary and deterministic. This

implies that E (c[j]) = 0 and that the covariance matrix equals

Oé% 0O --- 0
2 .« e .
Blee=s:= " %2 U (188)
0 0 -.- ao?

e Assumption 2: The noise in the measurements (180) is Gaussian with zero mean and
covariance matrix oI, which is also independent from the signal.

In summary, we model the data as an m-dimensional random vector of the form

¥ = Agm_1 €+ Z, (189)
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where Z is Gaussian with mean zero and covariance matrix o>I. The following theorem, proved in
Section 4.2 of the appendix, derives the covariance matrix of y.

Theorem 3.12. Let ¥ be an m dimensional vector of data satisfying Assumptions 1 and 2. The
SVD of the covariance matrix of ¥ is equal to

S+o2, 0 }[Usl 190)

E [yy*] = [US UN} 0 UQ]n—s UX/

where S is a diagonal matriz containing the singular values of The singular vectors are divided
mto two unitary matrices.

o Us € C™**® contains an orthonormal basis of the signal subspace which corresponds to the
span Of a)O:m—l (fl); ey C_L’O:’rn—l (fs)

o Uy € C™(m=3) js q unitary matriz spanning the noise subspace, which is the orthogonal
complement of the signal subspace.

This theorem provides a rather intuitive interpretation of the MUSIC algorithm. The SVD of
the covariance matrix of the data allows to estimate a signal subspace and a noise subspace.
As a result, the term subspace methods is often used to describe MUSIC and related algorithms.
Computing the pseudospectrum from these subspaces allows us to locate the support of the signal.

In practice, we approximate the covariance matrix using the empirical covariance matrix 3 (m)
defined in (184). Asymptotically, if we fix s and m and let n — oo, 3 (m) converges to the true
covariance matrix (see Section 4.9.1 in [5]). However that this does not necessarily imply that
MUSIC will allow to find the support! To ensure that we can actually identify the noise subspace
correctly, the singular values in the matrix S must all be large with respect to the variance of the
noise o2. In the case of signals that have a small separation between the frequencies (with respect
to n), some of these singular values may be small due to the correlation between @g..,,—1 (f1), - -,

C_iO:m—l (fs)

Figure 37 compares the performance of MUSIC for different noise levels and different values of
the parameter m. On the left column, we see the decay of the singular values of the empirical
covariance matrix. At high signal-to-noise ratios (SNR) there is a clear transition between the
singular values corresponding to the signal subspace (in this case s = 7) and the noise subspace, but
this is no longer necessarily the case when the noise is increased. On the right column, we see the
performance of the algorithm for different values of the SNR and the parameter m. At relatively
high SNRs MUSIC is an effective algorithm as long as the assumptions on the signal (random
phases), noise (Gaussian) and measurement model (equispaced time samples) are satisfied. In
Figure 38 we show the result of running the algorithm for the wrong value of the parameter s.
If the value is not too different to s and the SNR not too low, the method is still capable of
approximately locating the frequencies.
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Singular values of (m)

MUSIC estimate
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Figure 37: Singular values of the empirical covariance matrix ¥ (m) used by MUSIC (left) and corre-
sponding estimates (right) for different values of the parameter m and of the SNR. The cardinality of the
true support is s = 7.
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SNR =21 dB SNR = 21 dB
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Figure 38: Line-spectra estimates obtained by Root MUSIC when the estimated number of sources is
equal to s — 1 (left) and s+ 1 (right) for the same data as in Figure 37.

4 Proofs

4.1 Proof of Lemma 3.9

Let us define

1 1 1
21 22 Zs
o 2 2 2
Zo= 2 oz e 22 (191)
2 sl z51

The determinant of the first s rows of our matrix of interest is equal to

ZI [T z= [I -2 [] «#0 (192)

1<i<s 1<j<k<s 1<i<s

This implies that the first s rows are linearly independent and consequently that the whole matrix
is full rank.

4.2 Proof of Theorem 3.12

Due to the assumptions,

E[y¥*] = E [Apm_1CC* A}, | + Aon_1CZ" + ZC* A}, | + ZZ"] (193)
= Ao E[CC] gy + Ao B[] E[2°] + E[z] E[¢"] Ag,,,, , + E[2Z7] (194)
= Agm_15:A5,, 1 + 01 (195)
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The matrix Ag.,—15z45.,—1 i symmetric and has rank s. It therefore has a singular value decom-
position of the form

A O] |UX
Agm-15eAs1 = |Us U] . Uf , (196)
N

where Ugs and Uy are as defined in the statement of the theorem.

To complete the proof, we decompose the identity matrix using Us and Uy to obtain

E [yy*] = AO:mflsé’Aa(k);m_l + 02[ (197)
A O] |US ol 0 Us

— |vs U] +|us vy . (198)
o| |y 0 oL |Ug

References

We recommend the excellent notes [3] for more background on frequency representations. For
more information on spectral super-resolution using the periodogram and subspace methods we
refer the reader to [5] and references therein.

[1] G. Bienvenu. Influence of the spatial coherence of the background noise on high resolution passive
methods. In Proceedings of the International Conference on Acoustics, Speech and Signal Processing,
volume 4, pages 306 — 309, 1979.

[2] F. Harris. On the use of windows for harmonic analysis with the discrete Fourier transform. Proceed-
ings of the IEEE, 66(1):51 — 83, 1978.

[3] B. Osgood. The Fourier transform and its applications. Lecture notes for EE261, 2009.

[4] R. Schmidt. Multiple emitter location and signal parameter estimation. IEEE Transactions on
Antennas and Propagation, 34(3):276 — 280, 1986.

[5] P. Stoica and R. L. Moses. Spectral Analysis of Signals. Prentice Hall, 2005.

49


https://see.stanford.edu/materials/lsoftaee261/book-fall-07.pdf

	Fourier representations
	Complex exponentials
	Fourier series
	Sampling Theorem
	Discrete Fourier transform
	Compression

	Convolution
	Continuous convolution
	Discrete convolution
	Wiener deconvolution

	Spectral Super-resolution
	The spectral super-resolution problem
	The periodogram
	Prony's method
	Subspace methods

	Proofs
	Proof of Lemma 3.9
	Proof of Theorem 3.12


