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05 The Z-Transform

05.01 Definition of the Z-Transform

The Z-Transform is a generalization of the discrete-time Fourier transform. It exists for many sequences
for which the DTFT does not exist. It is a function of the complex variable z.
Given a sequence g(n), the Z-Transform is expressed as

“+oo

n—=—oo

where z = Re (z) + jlm (z) represents a continuous complex variable.
We will denote the Z-Transform of ¢g(n) also as:

“+o0
Z{gn)} =G(z)= > gn)z"
If we consider z = r - e9¥,
+oo
G(z) = Z g(n)r_”e_j‘*’”.

This expression can be interpreted as the Discrete-Time Fourier Transform (DTFT) of the modified
sequence {g(n)r—"}.
When we compare the definition of G(z) with the DTFT of g(n):

“+o0

G) = Y glnje 7"

n=—oo

we observe that
G(e/) = G(z)

z:ejw’

assuming these transforms exist.

We can provide a geometrical interpretation to the Z-Transform by considering a point z in the complex
plane.
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Assigned r and w, the point z = re/* in the complex plane lies at the end of a vector with a magnitude
of r and an angle of w radians with respect to the real axis.

The set of points with |z| = 1 and consequently with z = ¢7«, forms a circle with radius one (unit circle)
in the z plane.

Forr = 1, 2 = ¢/* and the Z-Transform G(z) evaluated on the unit circle yields the DTFT of g(n),
assuming that this DTFT exists.

Forz =1, G(z) = G(e'Y), i.e., the value G(e’*) for w = 0.

For z = j, G(z) = G(e7%), i.e., the value G(e?*) for w = Z.

For z = —1, G(z) = G(e’™), i.e., the value G(e/¥) for w = 7.

For » = —j, G(2) = G(¢/ %), i.e., the value G(e/) for w = 22,

By moving along the unit circle from z = 1, till z = —1, till z = 1 again, we obtain all values of G(e/*)
for 0 < w < 27. As observed earlier, the DTFT is periodic with a period of 27. Thus, by moving along
the unit circle in either a clockwise or anti-clockwise direction, we can compute G(e’) for all values of
w within the range —c0 < w < 4oo.

As with the DTFT, the Z-Transform converges only when specific conditions are met, and typically, it
converges within a specific region of the complex z plane.

For a given sequence, the set R of z values for which the Z-Transform converges is referred to as the
Region of Convergence (ROC). In particular, it can be proven that the Z-Transform converges for all
values of z for which the sequence g(n)r~" is absolutely summable (with r = |z|):

+oo
Z |g(n)r‘"’ < 400.

Even if the sequence g(n) is not absolutely summable, g(n)r~—™ could still be absolutely summable. In
other words, even if the sequence g(n) does not have does not have a DTFT, it may have a Z-Transform
within a certain region of the complex z plane.

Furthermore, the condition of absolute summability indicates that if there exists a specific z = re/v
for which the Z-Transform exists (i.e., for which 3°°°_|g(n)r~"| < 4o0), then the Z-Transform exists
throughout the entire circle with a radius of r.

In general, the Region of Convergence R forms an annular region in the complex z plane:

R, < |z| < Rgy, with0 < R, < Ryy < 4o00.

We will observe that different sequences can share the same Z-Transform; however, in such cases,
they may have distinct regions of convergence. Therefore, it is crucial to explicitly specify the region of
convergence for the Z-Transform.

Example:
Let’'s compute the Z-Transform of the causal sequence z(n) = a™u(n):

+oo +oo
X(z) = Z a"u(n)z™" = Za"z_".
n=-—oo n=0
This series converges if and only if |az~!| < 1, and it converges to
1
X(z) = —.
(2) 1—az"1
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The region of convergence is |z| > «a.

Fora =1, z(n) = pu(n), thus u(z) = 1 with a region of convergence |z| > 1.

—Z
Whenever the sequence is causal, the region of convergence lies outside a circle centered at the origin
of the z plane.

Example:
Let us compute the Z-Transform of the exponential acausal sequence

z(n) =—a"u(-n—1)

“+oo —1
X(z) = Z xz(n)z™" = Z —a"z " =
n=—oo n=—oo
(consider n = —m)
[e'e) “+oo
= Z —aTmyMm = —a" 2 Z o MM =
m=1 m=0
—a~ 1tz 1

T l-alz 1—az!
provided |a~!z| < 1.
We have obtained the same Z-Transform of the previous causal sequence, but now the region of con-
vergence is |z| < a.

Note that acausal sequences always have a region of convergence that is a circle centered at the origin

of the z plane.
Two-sided sequences consist of a causal part and an acausal part, and their Z-Transform, if it converges

at all, has an annular region of convergence.
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This can be easily explained, as the causal part has a region of convergence |z| > Ry, and the acausal
part has a region of convergence |z| < Rs. If Ry < Rs, the two-sided sequence has a region of
convergence R; < |z| < Rs. On the contrary, if R, > R, the Z-Transform does not converge.

Example:
Let’s compute the Z-Transform of the finite length sequence

am M<n<N-1,
z(n) =
0 elsewhere.

N-1
X(z) = Z az " =
n=M

=My M L MAL =M1 (Nl =N+ -

oM =M _ o N,—N

1—az 1
Since the series is composed of a finite number of terms, the region of convergence coincides with the
entire z plane, except possibly from z = 0 or z = .
In particular, for N — 1 > M > 0, the region of convergence is the entire z plane except at z = 0.
If N —1>0, M <0, the region of convergence is the entire z plane except at z = 0 and z = oc.
If M < N —1 <0, the region of convergence is the entire z plane except at z = cc.

If the region of convergence comprises the unit circle, the sequence admits the DTFT.

Nevertheless, even if a sequence has DTFT, there is no guarantee that the sequence also has a Z-
Transform.

For example, the ideal low-pass sequence hzp(n), defined as

H(eM) = Ll <,
0 otherwise

admits DTFT, but it does not have a Z-Transform. Indeed, hpp(n)r—™, for any r, is not absolutely
summable.
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All the Z-Transforms we will consider in this course will always be rational functions of z—1, i.e., the ratio

of two polynomials:
P(z)  po +piz 4 M
Q(z) do+diz7t+...+dyzN

The polynomial degree of the numerator is M, and that of the denominator is V.

H(z) =

An alternative form represents H(z) as the ratio of two polynomials in z:

. ZN,Mpon +p12M T+ pu

H(z) =
(2) dozN +dizN-1+ ... +dn

Both relations can be written in a factorized form as’

M

M
H(l_flzfl) H(Z—ﬁl)

H(Z) _ 2% l;l — Z%ZN—M l;l
H(].—)\lzil) H(Z—Al)

1

1

where & and \; are the roots of the numerator and denominator polynomials in z.

When z = &, we have H (&) = 0. Thus, the roots of the numerator ¢; are referred to as the zeros of
When z = A;, we have H()\;) = co. Thus, the roots of the denominator \; are referred to as the poles of
H(z).

Note that in our Z-Transform H(z) we have M zeros and N poles.

Moreover, if N > M we have additional (N — M) zeros in the origin; if A/ > N we have additional
(M — N) poles in the origin.

Note also that a rational Z-Transform can be fully characterized by the positions of its poles \; and zeros

&, along with the constant term Po.

It is interesting to observe that tﬁg region of convergence of a rational Z-Transform is delimited by the
location of its poles.

If H(z) has N poles, each with a different magnitude, we will have N+1 possible regions of convergence.
For each of these regions of convergence, we have a different sequence h(n) that shares the same Z-

Transform H(z).

M
1H$i:$1'$2'...-x]w.
i=1
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05.02 The inverse Z-Transform

Let us denote C a closed contour in the region of convergence that encloses the origin (for example, C
could be a circle centered in the origin within the region of convergence). The expression for the Inverse
Z-Transform is given by:

oln) = 5= § )"

~2nj
where ¢, indicates the integration performed on the closed contour C.
In general, it is challenging to directly evaluate the integral along a closed contour. Additionally, the
integral needs to be computed for every time value n.
Fortunately, we will only consider rational Z-Transforms and causal sequences. Under these conditions,
there are simple methods that allow us to compute the Z-Transform.

A first method for computing the Z-Transform is the tabular method. Very often, the Z-Transform has
a simple expression or can be decomposed into the sum of simple expressions. Many books provide
tables that offer inverses for these elementary transforms.

Z{x(n)} x(n) R.O.C.
1 d(n) z-plane
2N d(n—N) z-plane - {z = 0}
1
— () 2] > 1
1
—— ") 2| > lal
az™! n
Toarp M) 2] > lal
1
oy (D) > ol
For example, if we have
0.5z
H(z) = L1095 R.O.C.|z| > 0.5
Then,
H(z) = 0.5z 0.5z71

(z—0.5)2  (1-0.5z"1)2
From the table, we can deduce that h(n) = n0.5"u(n).

A second method for the Z-Transform inversion is that of the partial fraction expansion.

If a sequence is causal, the region of convergence is external to a circle centered in the origin. We
can compute the inverse Z-Transform of a rational function G(z) by decomposing it into partial fractions,
inverting each of the partial fractions, and summing up all the resulting sequences. We exploit the
linearity property of the Z-Transform, which we will study later:

“Let g(n) and h(n) be two sequences with Z-Transform G(z) and H(z), respectively. For any constant
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a and 3, the Z-Transform of ag(n) + Bh(n) is aG(z) + SH(z) with the region of convergence being the
intersection of the regions of convergence of G(z) and H(z).”

We consider G(z) = 58, where P(z) is a polynomial of degree M and D(z) is a polynomial of degree
N.
If M > N, the rational function 222 is called an improper fraction.

If M < N, the rational function is called a proper fraction.
If the fraction is improper, we can decompose it as the sum of a polynomial in 2~ plus a proper fraction:

M—-N
o bPin)
_ ! 1
where the degree of P;(n) is lower than N. To obtain this expression, it suffices to divide P(z) by D(z)

(we will cover polynomial division later).
M—N M—-N
The inverse-transform of > n2~" is known, asitis > nd(n—1). Thus, we concentrate our attention
=0 =0
only on the inversion of a proper rational function. We will distinguish two cases:

* simple poles,

+ multiple poles.

Simple poles:
In most cases, G(z) is a proper rational function with simple poles, i.e., with all distinct poles.
Let us denote A\, 1 < k < N, the N poles of G(z). Then, G(z) can be rewritten in the following form:

N
Pl
GE =2 75

=1

where the p; constants are called residuals and can be easily computed using:

pr=(1-NzH)G(2)

z=N\;

(i.e., by removing the factor (1 — )\;z~!) from the denominator and computing the resulting value for
Z = /\l)

Pl
Each term ———
1—Nz1
Transform, we get

has a simple inverse: p; A" u(n). Thus, by exploiting the linearity of the Z-

N
g(n) =" p A} u(n).
=1

Example:

1420271
(1-022"1)-(1+0.6z71)

H(z) =

P1 P2
H =
(2) = 1021t T 06

© 2024 Alberto Carini 68/600



Digital Signal and Image Processing Computer Engineering
05.02 The inverse Z-Transform University of Trieste

A =0.2 and Ay = —0.6.

1+2.0z71 1+2-(02)71 11
pp=—"-" = = =275
1406271 =02 1+06-(0.2)"1 4
1+2.0z71 14+2-(-06)"t  0.6-20
p2 = ———--- = = = —1.75
1—02z71l:=—06 1-02-(-0.6)"1 0.6+0.2

Thus, we obtain
h(n) = 2.75(0.2)" u(m) — 1.75 (—0.6)" pu(n)

Another way to compute the residues is to express the numerator of G(z) as a function of the residues p;
and then impose the equality of the numerator polynomials. This way, we obtain a system of equations
in the unknown p; which, once solved, allows us to derive the partial fraction expansion of G(z).

In the previous example:

P1 P2
H(z) = _
&) =10t 1706

 p(1+0.6271) + po(1—0.2271)
 (1-0.2271) - (140.6271)

_pitpt (0.6p1 — 0.2p5) 271
(1-0.2z71-(140.6271)

Imposing:
P14 pa+ (0.6p; —0.2p0)27 1 =1+ 2271

p1t+p2=1
0.6p1 — 0.2p = 2

Solving this system of equations, we obtain p; = 2.75 and py = —1.75.

it must be:

When the rational function has real coefficients, the complex poles always appear in complex-conjugate
pairs, and the corresponding residues are also complex-conjugate. Thus, they can be combined into a
single fraction of the second order:

Pl Pl _ Pos+ Pzt

T—XNz7t 1= Xzt C l+dygz 4 dygz2

Multiple poles:

If G(z) is a rational function with multiple poles (double poles, triple poles, or even of higher order), the
partial fraction expansion takes on a different form.

Suppose z = v is a pole of multiplicity L (i.e., in the denominator there are L roots equal to v), and that
the other poles are simple. We have
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where the constants ~; (which are no longer called residues) are computed with the formula:

1 dr

W= T e () EE)

forl <:< L.

Thus, the computation of ; requires eliminating the factor (1 — vz~!)’ from the denominator of G(z)
and computing the derivatives with respect to z~! from the first to the (L — 1)-th. The values of these
derivatives and of (1 — v2~!)L'G(z) computed for = = v provide the ~; values. The other residues are

computed as before. Eventually, from the tables reported in many books, it is easy to find the inverse
i

transform of ————.
(1—wzly

Inverse Z-Transform via long division method.

Another method for computing the inverse of a causal Z-Transform is the long division.

The objective is to obtain the expansion of G(z) in the form of a power series in z~!. If we possess such
a series, we immediately know the inverse transform. Indeed, the coefficient that multiplies 2~ is the
term g(n) of the inverse transform.

If G(z) is rational, we can express the numerator and denominator as polynomial in z=1. Then, we can
derive the power series expansion by means of the (long) division of the numerator by the denomina-
tor. The division of polynomials applies the same methodology as the divisions you have studied in
elementary school:

A+ 2027 iaagerloizE o 4 a4 g2 bgsae )
— dsgselopytl 0,z
- 4625064 ;
- ‘062037

(How many times does 1 go into 1? 1. Thus we subtract from 1+ 0.2z~ the polynomial 1- (14 0.4271 —
0.12z2) and we get the remainder 1.6z~* + 0.12z~2. How many times does 1 go into 1.6271? 1.6z71.
Thus, we subtract from 1.6z7! + 0.12z2 the polynomial 1.6z~% - (1 + 0.4z~ — 0.12z72) and get the
remainder —0.522~2 + 0.192z~3. How many times does 1 go into —0.52272? —0.522~2. And so on.)
Thus the sequenc/g g(n)is:

bl A )5“ , r"’ heed ]

The division between polynomials is also used in the case of the partial fraction expansion for passing
from an improper G(z) to an expression composed by a polynomial in z=! (which has a trivial inverse)

plus a proper rational function.
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For example, consider:
2408271 +0.5272+0.3273

G(z) = -

14+0.827140.2272
We must divide the two polynomials till we get a remainder of degree lower than the denominator.
Since we only want to reduce the order in z~! of the numerator, in this case, we apply the same division
method we have seen but, compared with the long division, we must reverse the order of the two
polynomials:

(Note that (1.5271 — 3.5) - (0.2272 + 08271 +1) + (2.1271 +5.5) = 0.3273 + 0.5272 + 0.8z + 2),
Thus,
5.5+2.1z71

=-35+ 152"
Gl2) = =854 1527 + e T a2

and we have
g(n) = =3.56(n) + 1.56(n — 1) + p1 A7 p(n) + p2 Az pu(n),

with \; and )\, the roots of 1 + 0.8z 4+ 0.2272, and p; and p, the corresponding residues.

05.03 Properties of the Z-Transform

Also the Z-Transform has important properties. In the following we will consider
g(n) <= G(2) with ROC R,

h(n) <= H(z) with ROC R,

where R is the annular region R,_ < |z| < Ry4, and Ry, is the annular region R,— < |z| < Rpy.

Conjugation theorem
The Z-Transform of g*(n) is G*(z*) with ROC R,.

Proof: .
Z{grm)}= > gz "=
00 *
=1 > g =Gr().

Moreover, since |z*| = |z|, G*(z*) converges for all the z values for which G(z) converges.
Q.E.D.
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Time-reversal
The Z-Transform of z(n) = g(—n) is X(z) = G(1/z) with ROC: R, < || < R, .

Proof:
—+oo —+o0

S g-m)zm= > g(m)z" =
+oo o
= > gm)(z7") " =G(1/2).

X (z) = G(1/z) converges for all z for which 1/z belongs to the ROC of G(z). Thus, for all z for which

Ly !
—_ z —_.
Ry: R,

Q.E.D.

Linearity

The Z-Transform of the sequence ag(n) + Bh(n) is aG(z) + BH(z), with region of convergence that is
the intersection between the two ROCs R, and Ry, i.e., Ry N Ro.

(If the two regions of convergence do not overlap the Z-Transform of ag(n) + Sh(n) does not exist!)

Exercise:
Let us compute the Z-Transform of

z(n) = r" cos(won)u(n),

r e R.
Note that

1 . 1 .
— 5,r,n6]4«)071#(”) 4 irnefjwon#(n).

Since a"p(n) has Z-Transform % with ROC |z| > «a,
—Qaz

X(z) = V2, 1/2 _

1 —reiwoz—1 = 1 —pe—iwoz—1

1 1—redwoz=t 41— peiwoy—l

 2(1 —redwoz=1) . (1 — re—dwoz—1) -

B 1 —rcos(wp)z™?!

1 —reiwoz=1l — pe—Jjwoy—1 4 p2,-2

1 —rcos(wp)z !

T 1-2r cos(wp)z™! +r2z=2

with ROC |z| > r.

Time-shifting
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The Z-Transform of the delayed sequence x(n) = g(n — ng) (with ng integer) is X(z) = 27" G(z). The
region of convergence of X (z) is the same as G(z) apart from z = 0 for ng > 0 or z = oo for ny < 0
(because z~ " adds |ng| poles in z = 0 or z = o).

Proof:
—+oo —+o0
S gln-mo)z = 3 glm)z (i =
—+oo
= Z glm)z=™ . 27" = G(z)z7 "0,
m=—0o0

Q.E.D.

Muiltiplication for an exponential sequence
The Z-Transform of the sequence z(n) = a™g(n) is X(Z) = G (2) The region of convergence is
la|Ry.

Proof:
+oo

3 ol - nig(") () =a().

X(z) = G (£) converges for any value = for which £ € R, and thus when

Ry|a] <|z| < Rgilal.

Q.E.D.

Convolution Theorem
The Z-Transform of the convolution sum between two sequences g(n) ® h(n) is G(z) - H(z) with a region
of convergence that is the intersection between the ROCs of G(z) and H(z), i.e., Ry N Ry.
Proof:
+oo

n—=—oo

+oo  +oo
= Z Z g(k)h(n —k)z=" =

n=—0o0 k=—o0

“+o00 +oo
= Z g(k) Z h(n—k)z=" =
k=—o0 n=-—00
+oo “+o0
= D 9k 3. h(m)z"0mH =
k=—o00 m=-—o00
“+oo
= Y 9(k)z7"H(z) = G(2)H(2).
k=—oc0
+o0 too
Moreover, X (z) converges for any value z for which Z h(m)z~™ and Z g(k)z~" converge. Thus,
m=—00 k=—o00

the ROC of X (z) is Ry N Rp,.
Q.E.D.

© 2024 Alberto Carini 73/600



Digital Signal and Image Processing Computer Engineering
05.04 The Transfer Function University of Trieste

05.04 The Transfer Function

The convolution theorem leads to the concept of Transfer Function of an LTI system.
Let us consider an LTI system with impulse response h(n). The input-output relation of the system is

—+oo
y(n) = h(n) @z(n) = Y h(k)z(n— k)
k=—o00
with z(n) and y(n) the input and output of the LTI system, respectively.
Let us indicate with X (z), Y'(z), and H(z) the Z-transform of z(n), y(n), and h(n), respectively. Accord-
ing to the convolution theorem, the input-output relation in the Z-Transform domain becomes:

with H(z) = Ji:.o h(n)z~".

n=—oo

The Z-Transform of the impulse response, H(z), is commonly called Transfer Function. Similar to the
impulse response, it completely characterizes the LTI system.

H(z) is given by the ratio between the Z-Transform of y(n) and x(n).
The transfer function can be seen as a generalization of the frequency response concept. If the region
of convergence of H(z) comprises the unit circle:

H(e') = H(z)

z=elw

Thus, the frequency response can be obtained by evaluating the transfer function on the unit circle.
The transfer function can be obtained from the frequency response by analytic continuation:

H(z)= H(ej“)‘w_lln( )
=1In(z

We are particularly interested in two types of discrete-time LTI systems:
* FIR filters,

« IR filters (described by a finite difference equation).
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FIR filters
FIR filters have a finite impulse response:
Ny
y(n)= > h(m)z(n—m)
mszl
with A(n) = 0 ¥n < Ny, and Vn > No.
h(n) has length N7 + No + 1.
N2
H(z)= > h(n)z™" =
n=N;

=h(=N1)zt™N F h(=Ny + )2 4 h(0) + A1)z 4+ R(Ny — 1)z N2 (N2~ N2,

Properties of FIR filters

» The region of convergence of H(z) coincides with the entire complex plane, possibly excluding 0
and ooc.

* FIR filters are guaranteed to be stable in the BIBO sense:

400 N2
S = Y [hn)] < +o.
n=—oo n=—N;

* FIR filters are always realizable. Even if the impulse response has non-null terms for n < 0,
introducing a delay z—™ ensures realizability.

» For causal filters, the transfer function is given by:
H(z) =h(0)+h(1)z"  +h(2)z72+ ...+ h(N — 1)V "1,
Thus, the transfer function is a polynomial in z—!, earning them the name filters with only zeros.

+ Since the input-output relation is non-recursive, quantization errors propagate only from the input
to the output in FIR filters.

» We will prove that FIR filters can have linear phase response.

IIR filters
The IIR filters we are interested in are described by a finite difference equation:

y(n) =box(n) +bz(n — 1)+ ...+ byax(n — M) —a1y(n — 1) —agy(n —2) —... —ayz(n — N).

For these filters, it is easy to compute the transfer function using the linearity property and the time-shift
property of the Z-Transform. By transforming both members:

Y(2) = boX (2)+b12 X (2) +bpz 2 X (2)+... sz*MX(z) —a127 Y (2) —azz %Y (2) .. .—aszNY(Z),
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(1 Yaz Va4, + aNz_N) Y(z) = (bo +bz M4+ sz_M) X(2)

Thus,
Y (2) bo+biz ... +byz M

H = = .
(2) X(z) 14+az7'4az24...+anz™N

The transfer function is a rational function in 2z~ 1. It is also:

H(z) = M-V . boz™ + b1 2M- 4 by
2N 4azN-1+ . . 4+ay
The roots of the numerator polynomial are called zeros of the system. The roots of the denominator

polynomial are called poles. The denominator polynomial is also called the characteristic polynomial.

Properties of IIR filters

+ |IR filters or systems can be stable or unstable in BIBO sense. They are stable if and only if

+o00
S Ih(n)] < +ox.

n=—oo

IIR systems are stable if and only if the region of convergence of the transfer function includes the
unit circle. Indeed,

+oo +oo +oo
[H(z)| =] Y W)z < Y W)= ) [h(n)llz""]

On the unit circle |z7"| = 1:

+00
[H(2)] = H() < ) [hn)).

n=—oo

o

Thus, if this sum is finite, |H(z)| is finite, and the transfer function converges on the unit

z=elw oo
circle. Conversely, if H(z) converges for z = ¢/%, then Z |h(n)] is finite, and the filter is stable.

+ A causal lIR filter is stable if and only if its poles fall within the unit circle.

Indeed, in case h(n) is causal, the region of convergence of H(z) is external to the circle that
encloses all poles. Since for the BIBO stability, the unit circle must belong to the region of conver-
gence, then the poles must all fall within the unit circle.

We can justify this property also from the observation that (in the partial fraction expansion) to any
pole outside the unit circle corresponds an exponentially increasing sequence:

1
1

H(Z):W

— h(n) = p"u(n),

if [p| > 1 then h(n) — +oc.

The input-output relationship of these filters is always recursive. For this reason, we will see that
the quantization errors recirculate.

We will also see that in causal IR filters the phase response cannot be linear and that these filters
introduce a phase distortion.
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Despite these adverse properties, IIR filters adapt better than FIR filters to the realization of the speci-
fications imposed on low-pass, high-pass, and pass-band filters. IR filters can implement these spec-
ifications with a much lower number of coefficients than FIR filters. This property derives from the fact
that the transfer function of IIR filters has zeros and poles, while that of FIR filters has only zeros. We
will return to these filters later in our course.

For more information study:

S. K. Mitra, "Digital Signal Processing: a computer based approach,” 4th edition, McGraw-Hill, 2011
Chapters 6.1-6.4, pp. 277-297

Chapter 6.5, pp. 297-303

Chapter 6.7, pp. 308-311 and pp. 315-319
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