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1 Finite Dimensional Discrete Hilbert Transform

1.1 Definition on the Spatial Domain

For N a finite integer number, consider the finite dimensional Discrete Hilbert Transform
(DHT) defined in terms of the following matrix Hy:

HN = (h”) s for Z,j el (]_)

where h;; = (i—7) ' when i # j and 0 otherwise, and [ := {—N,—-N+1,...,0,...,N}.
The matrix Hy can be written in terms of the column vectors h;, ¢ € I and interms of
Hy_; as follows:

0 -1 _% _$ 21\11—1 _$ [ (h—N)T i

} —1 _@ 2N1—2 2]\/1—1 (thH)T

2 1 0 T N—2 T 2N-3 ~ 2N-2 (th+2>T

HN 1 ﬁ ﬁ 0 ﬁ _% (hO)T
2N1—1 2N1 2 2N1—3 # 0 -1 <hN—1%T
| 2N  2N-1 2N-2 N 1 0 ] (hy)
0 —vT — 5
= [h_N h—N+1 c. ho c. hN_1 hN] = v HN_1 —V((2N-1)) ,

LT 0
2N ((2N-1))
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where T stands for transposition, v = [l % 2N1_1]T and v(on-1)) stands for a
vector whose components are the same as v but shifted 2N — 1 positions. Note the
following properties of H: i) Hy = —HZY, ie., the matrix is skew-symmetric; ii)

(Hy)? = —HyHL, = —HI{Hy = (H%)? and iii) the value h* = max;cs ||hil|1, is
attained at ¢ = 0 and it is equal to h* =238 L.

Let us recall now the definition of the p-norms for matrices, which are induced from
the p-norms of vectors: [|Al|, := supjy, =1 [|Av|[,. From Linear Algebra, and from
Functional Analysis also, we know that the following relationship holds: |[|Av]||, <
[|Allp]v]]p, for p > 1, A a matrix in CY*¥ and v a vector in CV and appropriate
vector and matrix norms. Let us introduce now the Harmonic numbers, defined as:

k

1 1 1

el —4

where v := limy_(Hx — Ink) = 0.5772. .. is the so-called Euler-Mascheroni constant.
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Fig. 1: Numerical evaluation of the ¢;-norm and the £>-norm of Hy.

Motivation: A numerical evaluation of the ¢;-norm and the fs-norm of Hy gives
the picture shown in Fig. 1. Question: Is it true that the ¢;-norm grows logarithmically
as the dimension of the matrix, N, goes to infinity? In addition, is it true that the
{o-norm is uniformly bounded for all the dimensions of the matrix?
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Case 1: The ¢;-norm of Hy. Forz = [z y 2z ny1... 2n|T € C*NH we would
like to prove that |[Hyz||l; < [[Hn||1||z||1, where ||[Hyl|1 grows logarithmically as N
goes to infinity. Using the definition we have:

2/1=1 2l =1, v I alh=

N N
Z.
|Hy||: = sup ||Hz||; = sup Z ) Z J ‘ < sup Z |;] Z |z
N j=
jj#i Z#J

N
S sup Z» max = max h sup 2| = 2HN
e, 2l s, Z e LY ZN| e
2 -2
'-||HN||1§27+21I1N+N+(9(N ). (3)

Taking the limit as N goes to infinity of the last expression we obtain the desired result.
Case 2: The /;-norm of Hy. Our goal is to prove that ||[Hyz||2 < ||Hyl|2||z]|2,
where ||Hyl||2 is uniformly bounded by a constant for all N. Inspired! by the idea shown
in the proof of the Hilbert’s inequality, [1], we mimic here such a proof making a small
but necessary change in order to achieve our goal.
Consider the positive integers M > N and consider also the following matrices and
vectors:

M, M, M; 0
Hy=| M, Hy M; | andz),=| z | ,
Mg M; Mg 0

where the M,’s are the appropriate matrices to construct Hy,; from Hpy, O is the zero
column vector of dimension M, and z is a column vector of dimension N. Note that:
||z]2 = [z |2

The square of the £o-norm of Hy can be bounded in the following way:

[Hy[l3 = sup |[Hyzll; < sup |[Huzy|f (4)
[|z]|]2=1 ||z§§1\|2:1
ZM 2
< Mg ) = ( ) 5
||ZMH2 Lic— M j=—M ||z M|| _ j=—
J?ﬁl j;éz

! Actually, the idea of mimic Grafakos’ proof was an inspiration of Prof. Pereyra. Thanks a lot!
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ZJZk (6)

RS e Y Y Z I

123 12=1 ;=—7f j=—N k=—N

J#Z ki
< Y Z i ZZWZ i O
Iz l12=1 j—_n _ Nk;;N z72 M
J i3

(j=F) 2751

Now, we follow Grafakos’ trick presented in [1]. One can show that for k # j

M 1 2 N 1 (f: .1._i§:Mi_1k>‘ (8)

P e G R TR eyl W iy 3
i#d.itk i#] s
Plugging the last result in (7), we have:
R
3 < sup st D D
llZ =1 \ j=—N  i=— k=—N j=—N (7= k)
(j=k) i#] J#k
Z2iZ M 1 M 1
k
+ZZ SO D Sy (9)
Nkf—N i—u ') I
k#j i#] i#k
N M 1 N N .2 N N .2
< sup 22 _J + k
23] ll2=1 J_ZN ji_ZM (i = j) ]ZN;_:N (7 — k) X_:NFZN (J—k)?
(j=k) i#] J#k j#k
A Z2iZ M 1 M 1
=t - ) 10
Ly oy ey Loy L 0
j=—N k=—N i=—M i=—M
P it i#k

where the last inequality holds from 2z;z;, < z + 22
Recall the following convergent series: Y oo i~% = 72/6. If we now take the limit as
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M goes to infinity we have:

N M 1 N N 2
Hyll5 < sup  lim 22 , + J
Hall 23 [|a=1 M0 <J:ZN JZ:ZM (i —4)? j:ZNkZ_N (j — k)
i#] Jj#k
N N , N N s M 1 M 1
k iRk ( _ )
DD IR BID Dl sl DDl i) Dl
j=—N k=—N j=—N k=—N i=—M i=—M
k#j k#j i#] ik
72 N N N 1 N N 1
S RCPIETDIEDIE D WD o= §
23] ll2=1 ( Sy Ve M e L A VY e A O

where the last inequality holds because for a fixed j and & and M large enough the
summations Zi]\i_M iz (1 — 7)~ ! and Zi]\i—M, izt — k)~! contain a large number of
terms that overlap, so in the limit we can conclude that the both harmonic series cancel
out. We can bound the summations in the last inequality one more time to obtain:

2 N 2 N 2 N
T T T
IHy|3 < sup <g doatg X At T ) Zi> =m|lzll;  (11)

||z [[2=1 j=—N j=—N k=—N
HHNH§ < . (12)

Consequently, we can conclude that |[Hy||]o < 7 for all N. So, from the results on the
{1- and fy-norms we can finally conclude that: The finite dimensional DHT defined in
(1) is uniformly bounded in the dimension in the fo-norm but not in the ¢;-norm.

Bonus theorem: Hilbert’s inequality. Given a real and square summable sequence
ay, the following inequality holds:

Qe 2
Z(Z_k> < a? . (13)
JEZ ﬁiz J JEZ

Moreover, the constant 7 is a sharp constant.

Proof. For an infinite square summable sequence, one can start considering both a
sequence with finite support and an infinite matrix. Such a proof is essentially the
same as the one shown here, but doesn’t require the matrix vector definitions. So,
we can say that the case of a square summable sequence with finite support is proved.
Then, a limiting argument on a; proves the theorem for an infinite square summable real
sequence. For details and for the proof on the sharpness of 7, please see reference [1]. [
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1.2 Definition on the Fourier Domain

In order to define the finite dimensional DHT we first need to define the finite dimen-
sional Discrete Fourier Transform (DFT). Consider a sequence of complex numbers zj,
kel={0,1,...,N — 1} then we define the sequence Z,, n € I, called the DFT of z,
as:

=

-1
2

Ly = 2 €XP ( — z%kn) ,nel. (14)

0

B
Il

Similarly, we define the inverse formula (i.e. the discrete inverse Fourier transform) as:
N-1
1 2T
= nZ:O Ly €Xp (Zﬁkn) , kel (15)
Recall that the Fourier multiplier corresponding to the Hilbert transform is: (H f)"(€)

—isgn(€). Now, the discrete version of the Fourier multiplier associated to the Hilbert
transform can be defined as:

0 ,nefl
o ={ —i , nel, , (16)
1 ,71613

where for N even (consequently, N odd) I = {0, N/2}, I, = {1,2,...,N/2 — 1}, and
I;={N/2+1,...,N — 1} (consequently, I, = {0}, [, ={1,2,..., (N —1)/2 — 1}, and
Iy ={(N+1)/2+1,...,N —1}). Note that the definition takes care of the symmetry
of the multiplier on the Fourier side. Consider the case when NN is even and plug (16)
in (15), hence we have:

N-1
1 2
hZ:N;H;eXpGNWkn),kE{O,l,...,N—l} (17)
N/2-1 N-1 N/2-1
1 2 2 2 2
=5 Z(—z) exp (zﬁwlm) + Z i exp <2N7rkn> =¥ Z sin (%kn) . (18)
n=1 n=N/2+1 n=1
o W2 on
Similarly, for N odd we obtain: h; = N Z sin (Nkn> , k€ I. So, we can define

the sequence corresponding to the finite dim:ensional DHT on the spatial domain as:
2 & o
hZ:N;sin<Wkn),k:E{O,l,...,N—l}, (19)

6
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where L = N/2 — 1 for N even and L = (N —1)/2 for N odd.

Given a sequence of real numbers z,,, its Hilbert transformed version is given by the
discrete convolution H*(x,) = h® * x,, which in matrix form can be represented as:
H*(x) = Hyx where x = [1g 71 ... zy_1]T and

HY — ( Zsm( (j —i)n )) Cfori,je{1,2,....N}, (20

and L = N/2 —1 for N even and L = (N — 1)/2 for N odd.
Remark 1. There exists alternative closed forms for (20). When N is even:

Z:{ O%sm (”2k>cot<N) , Zigl,Z,...,N—l} (21)

and for N odd:

[ oot (5) - SEsin (%) L ke{l2. . N-1)
=10 k=0 (22)

Remark 2. Note that by exploiting the L? isometry, we have that:

1[5 = sup Hy XHz—HsuleH w13 (23)
x||2=1 X|[2=
:1¢p§jM|mF|¢p§jm%4 (24)
[|x||2=1 x||2=1

What is the DFT of discrete DHT defined on the spatial domain?. If we
consider the definition on the spatial domain for h; then we have that: hy = (k — N)~!
for k € {0,1,...,N — 1} \ {N} and hx = 0. Then, if we compute the DFT of such a
sequence, Hy = 0, while for n € {0,1,...,N — 1} \ {N}:

2N
H, =
D
k=0
k#N

2

-1

. 2mkn ) o; ( 27rnN) 1. ( 2mnj ) (25)
0 = —2iex —sin )
9N + 1 PUaN+1/ &5 an 1

~oxp (-

J

Note that the DFT version of h; does not correspond to a discrete version of the mul-

tiplier (H £)"(€) = —isgn(¢).
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Fig. 2: Numerical evaluation of the ¢;-norm and the f-norm of Hj,.

1.3 Applications
1.3.1 Analog/Digital Communications

Modulation Theory 101. Communications Theory deals with the problem of trans-
mitting information from a sender to a receiver. Due to several technical reasons, an
effective way of transmitting the information is to use a known waveform and embed such
information in one of the parameters of the signal. Modulation is one way to introduce
the information into the known signal. For example, if we introduce the information in
the amplitude of a sinosoidal waveform, we talk about Amplitude Modulation (AM). In
AM the information signal, say s(t), is assumed to be band-limitted, i.e., the frequency
components of s(¢) are compactly supported up to a certain known frequency fiaz.
The band-limitted signal is modulated using a sinusoidal waveform whose frequency is
known to be much larger than 2f,,,., the bandwidth of s(¢). This modulating waveform
is called the carrier signal and is denoted as s.(t). The frequency of s.(t) is termed
as the carrier frequency and is denoted as f.. The modulated signal is obtained by
multiplying in the time-domain the information signal to the carrier signal, in symbols:
Sm = $(t)s.(t) = s(t) cos(2m f.t). Note that the information signal turns out to be the
(time-varying) amplitude of the carrier signal. One disadvantage of the AM modulation
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is that, when real valued signals are modulated, some bandwidth is wasted by having
two identical side-bands on either side of the carrier frequency.

The so-called Single-Side Band (SSB) modulation solves the aforementioned problem.
When a real signal is considered for transmission, one can exploit the symmetry of
the Fourier transform of the real signal. In simple terms, given that we don’t need
a duplicated copy of the frequency information of s(¢) then we can eliminate such a
redundant information! This elimination can be easily performed if one defines what
is called the “analytic signal”. The analytic signals associated to the information and
the modulating signal are: s,(t) := s(t) +i5(t) and s.q(t) := s.(t) + i5.(t), where 5(¢)
and $.(t) are the Hilbert transforms of s(t) and s.(t), respectively. Therefore, if we
modulate the analytic version of the information signal using the analytic version of the
modulating signal we have:

Sma(t) = Sa(t)sca(t) = (s(t) +15(t)) (sc(t) +i5.(t)) (26)
= ( (t) +is(t ))( s(2m fot) + i sin(27 f.t )) (27)

= s(t) cos(2m f.t) — 5(t) sin(2m f.t) + ( (t) sin(27 fot) + $(t) cos(27rfct)) . (28)

Finally, in applications the signal transmitted from sender to receiver in the case of SSB
is the real part of the last equation: 258 = s(t) cos(2m fot) — 5(t) sin(27 f.t).

In Fig. 3 an example of SSB-AM is presented. For comparison purposes, a tradi-
tional or Double-Side Band (DSB) modulated signal is shown. The information signal
considered is s(t) = cos(27 f,,t) + 0.5 cos(4m fint) + 0.25 cos(87 fint) for f,, = 1 [Hz| and
the carrier signal has a frequency of f.=40 [Hz].

Why this is important? Consider the case of AM radio broadcasting. If n is the
maximum number of radio stations that can be allocated to the interval of frequencies
associated to AM when DSB-AM is used, then by simply? switching to SSB modulation
we can immediately allocated 2n radio stations.

1.3.2 Envelope Detection

Several applications result in a time-signal containing a rapidly oscillating component.
The amplitude of the oscillation varies slowly with time, and the shape of the slow time
variation is called the “envelope”. The envelope often contains important information
about the phenomenon of interest. One example of such applications is again an AM
signal, see for example Fig. 3(a). By using the DHT, the rapid oscillations can be

2An additional technical detail has to be considered under this scenario: The AM radio receiver
have to be aware that SSB is being used instead of DSB.



Homework #3 MATH-565

removed from the signal to produce a direct representation of the envelope. In terms of
AM, the DHT can be used also to demodulate the transmitted signal.

As an example consider signal z(t) = Aexp(—At) cos(27 f,t), which corresponds to
the response of an exponentially dumped oscillating system, with decaying rate A and
oscillating frequency f,. Assume that A exp(—At) is approximately constant with respect
to cos(27 fot). If we form the analytic signal:

zo(t) = x(t) +iz(t) = Aexp(—At) cos(2m f,t) + i A exp(—At) sin(27 f,t) (29)
o Jra()] = /A2 exp(~200) (cos?(2mfot) + sin®(2m fot)) = Aexp(—Ab) | (30)

which is the desired result. In Fig. 4 a numerical example is shown where A = 0.5,
A =10, and f,=4 [Hz|.

1.3.3 Edge Detection in Image Processing

The DHT is used in image processing as a spatial filter because it can selectively empha-
size features of an input object. In particular, the DHT produces an image that is edge
enhanced with respect to the input image. However, given that the operation performed
is one dimensional, then the DHT enhances edges along only a single direction. Hence,
one has to apply the transform to the transpose image to obtain the edge enhancement
in the other direction. Such a situation is shown in Fig. 5. Moreover, one should rotate
the given image and apply the DHT in all the directions in order to obtain an image
properly edge enhanced.

Why this is important? Edge detection is a commonly used approach for de-
tecting discontinuities in an image. Moreover, edge detection is the first step in order
to produce the segmentation of an image. Image segmentation is the process of parti-
tioning an image into multiple regions of interest. For example, segmented images in
medical imaging help the M.D.s to locate tumors and other pathologies, measure tissue
volumes, etc.; in remote sensing applications a user can locate objects (called features
or signatures) in the images such as roads, forests, etc.

2 Problem 2

Given f € LP(R?), show that limy o || f + 7S], = 2Y7|| f]],-

Proof. We are going to use the fact that compactly supported functions (L) are dense
in L7, ie. Vfe LP(RY) I{f.} ", fn € L2(RY), such that | f — Jfall pogay = 0 as n goes
to infinity.

10
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Note that since 7, is a linear operator and
|70 f — Thfn”LP(]Rd) = [|7(f — fn)”LP(Rd) =[f - anLP(Rd)’

sequence {7, f, o, converges to 7, f in LP(R?). Then we can write || f 4 7, f]|,, as:

1 +7fll, = Ilf = fat+ fa+ Tafo+ 7uf — Tnfall, (by triangle inequality) — (31)
< ||f_anp+ ”fn"’Thanp_"HThf_Thanp (32)
=2\f = fall, + lfn + 7 full, - (33)

Now note that since f,,’s are compactly supported, for |h| large enough f,, and 7, f,, have
disjoint support, so

1/p
M&+me==<@Jh+mhf@)

1/p
- ([ g [ gy
supp fn supp Tp, fn

1/p
= (2/ f;;da;> = 27| £l
supp fn

Hence, for all n and for |h| large enough

1f +7nfll, < 22 (1 fall, + 21Lf = fall,-

In particular,
lim | f + 7 fll, < 277\ full, +21f = full,-

|h|—o0

Letting n — oo and using the fact that f, — f in L” we have:

A (1f 7Sl < 27111

Switching f and f,, we get the reverse inequality:

21/p||f||p = lim lim ||fn+7'hfn||p

n—00 |h|—o0

< lim lim <||f—fn||p+Hf+7thp+Hf—Thf||p>-

Since expression under the limit is positive we can interchange limits, obtaining

lim [|f +7fll, 2 277|111,

|h|—o0

Which completes the proof of the exercise. Il

11
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Fig. 3: (a) The information signal s(t) = cos(27 f,,t) + 0.5 cos(4m ft) + 0.25 cos(87 fi,t) for fr, =1
[Hz] and f.=40 [Hz]. Note that for DSB the information signal is the envelope of the modulated signal.
(b) The power spectrum of the modulated signal when SSB and DSB modulation schemes are used.
The four lower plots correspond to zoom in of the images on top.
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Fig. 4: Envelope detection using the DHT.

Fig. 5: Edge detection in image processing using the DHT. The left image is the original image, the
center image is the edge enhanced image along the vertical direction and the right image is the edge
enhanced image along the horizontal direction.
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