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4

Sampling of

Continuous-Time

Signals

4.0 INTRODUCTION

Discrete-time signals can arise in many ways, but they occur most commonly as repre-
sentations of sampled continuous-time signals. While sampling will no doubt be familiar
to many readers, we shall review many of the basic issues such as the phenomenon of
aliasing and the important fact that continuous-time signal processing can be imple-
mented through a process of sampling, discrete-time processing, and reconstruction
of a continuous-time signal. After a thorough discussion of these basic issues, we dis-
cuss multirate signal processing, A/D conversion, and the use of oversampling in A/D
conversion.

4.1 PERIODIC SAMPLING

Discrete representations of signals can take many forms including basis expansions of
various types, parametric models for signal modeling (Chapter 11), and nonuniform
sampling (see for example Yen (1956), Yao and Thomas (1967) and Eldar and Oppen-
heim (2000)). Such representations are often based on prior knowledge of properties
of the signal that can be exploited to obtain more efficient representations. However,
even these alternative representations generally begin with a discrete-time representa-
tion of a continuous-time signal obtained through periodic sampling; i.e., a sequence of
samples, x[n], is obtained from a continuous-time signal x.(¢) according to the relation

x[n] = x.(nT), —00 < N < 0. 4.1

153
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x,(1) > b x[n] = x (nT’ ) Figure 4.1 Block diagram
¢ 1 ¢ representation of an ideal
continuous-to-discrete-time (C/D)
r converter.

In Eq. (4.1), T is the sampling period, and its reciprocal, fy = 1/T, is the sampling
frequency, in samples per second. We also express the sampling frequency as Q; = 27/ T
when we want to use frequencies in radians per second. Since sampling representations
rely only on the assumption of a bandlimited Fourier transform, they are applicable to
a wide class of signals that arise in many practical applications.

We refer to a system that implements the operation of Eq. (4.1) as an ideal
continuous-to-discrete-time (C/D) converter, and we depict it in block diagram form
as indicated in Figure 4.1. As an example of the relationship between x.(z) and x[n],
in Figure 2.2 we illustrated a continuous-time speech waveform and the corresponding
sequence of samples.

In a practical setting, the operation of sampling is implemented by an analog-to-
digital (A/D) converter. Such systems can be viewed as approximations to the ideal C/D
converter. In addition to sampling rate, which is sufficient to define the ideal C/D con-
verter, important considerations in the implementation or choice of an A/D converter
include quantization of the output samples, linearity of quantization steps, the need for
sample-and-hold circuits, and limitations on the sampling rate. The effects of quantiza-
tion are discussed in Sections 4.8.2 and 4.8.3. Other practical issues of A/D conversion
are electronic circuit concerns that are outside the scope of this text.

The sampling operation is generally not invertible; i.e., given the output x[n],
it is not possible in general to reconstruct x.(¢), the input to the sampler, since many
continuous-time signals can produce the same output sequence of samples. The inherent
ambiguity in sampling is a fundamental issue in signal processing. However, it is possible
to remove the ambiguity by restricting the frequency content of input signals that go
into the sampler.

Itis convenient to represent the sampling process mathematically in the two stages
depicted in Figure 4.2(a). The stages consist of an impulse train modulator, followed by
conversion of the impulse train to a sequence. The periodic impulse train is

sty= Y 8(t—nT), (4.2)

n=-—00
where §(¢) is the unit impulse function, or Dirac delta function. The product of s(¢) and
x¢(t) is therefore
x5 (1) = xc(t)s (1)

o0

=x.(t) Y 8(t—nT)= Y x()(t—nT). (4.3)

n=—oo n=—oo

Using the property of the continuous-time impulse function, x(¢)§(¢) = x(0)8(z), some-
times called the “sifting property” of the impulse function, (see e.g., Oppenheim and
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Section 4.1 Periodic Sampling 155

Willsky, 1997), x,(¢) can be expressed as

o0

x(t) = Y x(nT)8(t —nT), (4.4)

n=—0oo

i.e., the size (area) of the impulse at sample time nT is equal to the value of the
continuous-time signal at that time. In this sense, the impulse train modulation of
Eq. (4.3) is a mathematical representation of sampling.

Figure 4.2(b) shows a continuous-time signal x.(¢) and the results of impulse train
sampling for two different sampling rates. Note that the impulses x.(nT)8(t — nT) are
represented by arrows with length proportional to their area. Figure 4.2(c) depicts the
corresponding output sequences. The essential difference between x;(r) and x[n] is that
xs(2) is, in a sense, a continuous-time signal (specifically, an impulse train) that is zero,

C/D converter

Conversion from
impulse train

) 50 | © discrete-time

><_

xc(1) I x[n]=x.(nT)
sequence |
|
o |
(@)
T = Tl T: 2T1
x(1) x, (1) x,(1) x,(f)

-4T 2T 0 2T 4T 2T -T 0 T 2T
t (b) t
4-3-2-101 2 3 4 -4 3-2-101 2 3 4
n n
(©)

Figure 4.2 Sampling with a periodic impulse train, followed by conversion to a
discrete-time sequence. (a) Overall system. (b) xs(? for two sampling rates. (c)
The output sequence for the two different sampling rates.
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except at integer multiples of 7. The sequence x[n], on the other hand, is indexed
on the integer variable n, which, in effect, introduces a time normalization; i.e., the
sequence of numbers x[n] contains no explicit information about the sampling period
T. Furthermore, the samples of x.(¢) are represented by finite numbers in x[n] rather
than as the areas of impulses, as with x; (7).

It is important to emphasize that Figure 4.2(a) is strictly a mathematical repre-
sentation convenient for gaining insight into sampling in both the time domain and
frequency domain. It is not a close representation of any physical circuits or systems
designed to implement the sampling operation. Whether a piece of hardware can be
construed to be an approximation to the block diagram of Figure 4.2(a) is a secondary
issue at this point. We have introduced this representation of the sampling operation
because it leads to a simple derivation of a key result and because the approach leads to
anumber of important insights that are difficult to obtain from a more formal derivation
based on manipulation of Fourier transform formulas.

4.2 FREQUENCY-DOMAIN REPRESENTATION OF

SAMPLING

To derive the frequency-domain relation between the input and output of an ideal C/D
converter, consider the Fourier transform of x,(r). Since, from Eq. (4.3), x(¢) is the
product of x.(¢) and s(¢), the Fourier transform of x,(¢) is the convolution of the Fourier
transforms X .(j2) and S(j€2) scaled by % The Fourier transform of the periodic
impulse train s(¢) is the periodic impulse train

. 2T &
SR =" D 8- kQy), (4.5)
k=—o00
where Qg = 27/ T is the sampling frequency in radians/s (see Oppenheim and Willsky,
1997 or McClellan, Schafer and Yoder, 2003). Since

1
X5 () = 5—Xc(jQ) * 5(€),

where x denotes the operation of continuous-variable convolution, it follows that

o
X,(jQ) = % D X (GQ—kQ)). (4.6)
k=—00

Equation (4.6) is the desired relationship between the Fourier transforms of the
input and the output of the impulse train modulator in Figure 4.2(a). Equation (4.6)
states that the Fourier transform of x;(¢) consists of periodically repeated copies of
X +(j2), the Fourier transform of x.(¢). These copies are shifted by integer multiples
of the sampling frequency, and then superimposed to produce the periodic Fourier
transform of the impulse train of samples. Figure 4.3 depicts the frequency-domain
representation of impulse train sampling. Figure 4.3(a) represents a bandlimited Fourier
transform having the property that X .(jQ) = 0 for |2] > Q. Figure 4.3(b) shows the
periodic impulse train S(j2), and Figure 4.3(c) shows X (j€2), the result of convolving

X -(j2) with S(j€2) and scaling by % It is evident that when

Qs — Qy > Qn, or Qp>2Qy, (47)
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Section 4.2 Frequency-Domain Representation of Sampling 157

X.(j)
1
—Qy Qy Q
(a)
S(j€)
27
I O A I
20, —Q, 0 Q, 20, 30, Q
(b)

Figure 4.3 Frequency-domain representation of sampling in the time domain.
(a) Spectrum of the original signal. (b) Fourier transform of the sampling function.
(c) Fourier transform of the sampled signal with Qg > 22y, (d) Fourier transform
of the sampled signal with Qs < 2Qy.

as in Figure 4.3(c), the replicas of X .(j2) do not overlap, and therefore, when they are
added together in Eq. (4.6), there remains (to within a scale factor of 1/7) a replica
of X .(j2) at each integer multiple of ;. Consequently, x.(¢) can be recovered from
xs () with an ideal lowpass filter. This is depicted in Figure 4.4(a), which shows the
impulse train modulator followed by an LTI system with frequency response H,(j2).
For X .(j2) as in Figure 4.4(b), X ;(j2) would be as shown in Figure 4.4(c), where it is
assumed that 2, > 2Qy. Since

Xr(jQ) =H, (JOX (), (4.8)

IPR2023-01014
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158 Chapter 4 Sampling of Gontinuous-Time Signals

s(t) :g‘, 8(t—nT)

)\ H,(jQ)

X
@ N x50 %)
(a)
X.(Q)
1
-Qpn Qy Q
(b)
X,(jQ
1 U Q,>20y
T
PN AN
-Q, —Qy o N o Q
(c) Q- Qy)
H,(j)
T QNS Qc = (Q‘x7 Q‘N)
-0, Q. Q
(d)
X,(jQ)
1
Figure 4.4 Exact recovery of a
—Qy Oy o continuous-time signal from its samples
(e) using an ideal lowpass filter.

it follows that if H,(j2) is an ideal lowpass filter with gain 7' and cutoff frequency 2.
such that

Qy < Q¢ < (2 — Qpn), (4.9)
then
Xr(JR) =X, (4.10)

as depicted in Figure 4.4(e) and therefore x, () = x. (7).
If the inequality of Eq. (4.7) does not hold, i.e., if Q; < 2Qy, the copies of X .(j Q)
overlap, so that when they are added together, X .(j2) is no longer recoverable by

IPR2023-01014
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lowpass filtering. This is illustrated in Figure 4.3(d). In this case, the reconstructed output
x,(t) in Figure 4.4(a) is related to the original continuous-time input through a distortion
referred to as aliasing distortion, or, more simply, aliasing. Figure 4.5 illustrates aliasing
in the frequency domain for the simple case of a cosine signal of the form

xc(t) = cos Qot, (4.11a)
whose Fourier transform is
Xc(j2) =md (2 — Qo) + m8(2 + L0) (4.11b)

as depicted in Figure 4.5(a). Note that the impulse at —( is dashed. It will be helpful
to observe its effect in subsequent plots. Figure 4.5(b) shows the Fourier transform
of x,(¢) with Qo < Q/2, and Figure 4.5(c) shows the Fourier transform of x;(z) with
% < Qo < 4. Figures 4.5(d) and (e) correspond to the Fourier transform of the

X.(j)
A7T Tﬂ'
1
-, Qg [9)
(a)
XS(]Q) a s
r Q<=7
aa T
? | T ?T r é | T
-0 -0 90, o 0
2
(b)
X,(jQ )
T s = < Q< Q)
r——— e |
[
f | é : TT T? :T | é
—Q, -0, 00,0 0
2
(c)
No aliasing X, O, <%
A']T T’lT
1
-Q, O Q
(d)
Aliasing XD Q
— <0< Q
Tﬂ' AT 2
1
~(0=0) (Q5-Q) Q Figure 4.5 The effect of aliasing in the
(e) sampling of a cosine signal.
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lowpass filter output for Qy < Q,/2 = 7/T and 2,/2 < Qo < L, respectively, with
Q. = Q;/2. Figures 4.5(c) and (e) correspond to the case of aliasing. With no aliasing
[Figures 4.5(b) and (d)], the reconstructed output is

X, (1) = cos Q. (4.12)
With aliasing, the reconstructed output is
xr(t) = cos(2; — Q)t; (4.13)

i.e., the higher frequency signal cos ¢ has taken on the identity (alias) of the lower
frequency signal cos(2; — ©2g)t as a consequence of the sampling and reconstruction.
This discussion is the basis for the Nyquist sampling theorem (Nyquist 1928; Shannon,
1949), stated as follows.

Nyquist-Shannon Sampling Theorem: Let x.(¢) be a bandlimited signal with
X.(j)=0 for |2] > Qp. (4.14a)
Then x.(¢) is uniquely determined by its samples x[n] = x.(nT ), n =0, £1, 2, ..., if

2
Q = ?’T > 2QN. (4.14b)

The frequency Qy is commonly referred to as the Nyquist frequency, and the frequency
2Qy as the Nyquist rate.

Thus far, we have considered only the impulse train modulator in Figure 4.2(a).
Our eventual objective is to express X (e/®), the discrete-time Fourier transform (DTFT)
of the sequence x[n], in terms of X ;(j2) and X .(j€2). Toward this end, let us consider
an alternative expression for X (j2). Applying the continuous-time Fourier transform
to Eq. (4.4), we obtain

o0

Xs(jR) = ) x®mT)e /2", (4.15)
Since
x[n] = x.(nT) (4.16)
and
X (/)= Y xnle /", (4.17)
it follows that
X (jQ) = X (/) o—qr = X (/%7). (4.18)

Consequently, from Egs. (4.6) and (4.18),

X (/9T =% D X (GQ-kQy)), (4.19)

k=—00

IPR2023-01014
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Section 4.2 Frequency-Domain Representation of Sampling 161

or equivalently,

X (e/?) = % 3 Xc[j (% - ZJTTkﬂ . (4.20)

k=—00

From Egs. (4.18)—(4.20), we see that X (e/®) is a frequency-scaled version of X ;(j )
with the frequency scaling specified by w = QT. This scaling can alternatively be thought
of as a normalization of the frequency axis so that the frequency Q = Q; in X, (j)
is normalized to w = 27 for X (¢/®). The frequency scaling or normalization in the
transformation from X (i) to X (e/®) is directly a result of the time normalization in
the transformation from x,(¢) to x[n]. Specifically, as we see in Figure 4.2, x(¢) retains
a spacing between samples equal to the sampling period 7. In contrast, the “spacing”
of sequence values x[n] is always unity; i.e., the time axis is normalized by a factor
of T. Correspondingly, in the frequency domain the frequency axis is normalized by
fs=1/T.

For a sinusoid of the form x.(t) = cos(2t), the highest (and only) frequency is
Qp. Since the signal is described by a simple equation, it is easy to compute the samples
of the signal. The next two examples use sinusoidal signals to illustrate some important
points about sampling.

Example 4.1 Sampling and Reconstruction of a Sinusoidal
Signal

If we sample the continuous-time signal x.(r) = cos(4000zr¢) with sampling period
T = 1/6000, we obtain x[n] = x.(nT) = cos(4000wr Tn) = cos(wpn), where wy =
40007 T = 2mr/3. In this case, Qg = 27/ T = 120007, and the highest frequency of the
signal is 2 = 40007, so the conditions of the Nyquist sampling theorem are satisfied
and there is no aliasing. The Fourier transform of x.(¢) is

Xc(j2) = mé(2 —40007) + 78(2 4 40007).

Figure 4.6(a) shows

o0

1
Xs(G =72 ) Xcli(@-ky)] (4.21)

k=—00

for Qg = 120007. Note that X .(j2) is a pair of impulses at @ = £4000x, and we
see shifted copies of this Fourier transform centered on £, £2<;, etc. Plotting
X (¢/?) = Xs(jw/T) as a function of the normalized frequency w = QT results
in Figure 4.6(b), where we have used the fact that scaling the independent variable of
an impulse also scales its area, i.e., §(w/T ) = T§(w) (Oppenheim and Willsky, 1997).
Note that the original frequency Qg = 4000s corresponds to the normalized frequency
wg = 40007 T = 27 /3, which satisfies the inequality wy < 7, corresponding to the fact
that Qy = 4000 < /T = 60007 . Figure 4.6(a) also shows the frequency response of
an ideal reconstruction filter H, (j<2) for the given sampling rate of s = 120007 . This
figure shows that the reconstructed signal would have frequency 2 = 40005, which
is the frequency of the original signal x.(¢).

IPR2023-01014
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X,(jQ) H,(jQ)
T
S &) B
m m | ™ o m m

1 T T 3 T T T B IT IT
| |
|

\ \ 1 \
~160007 -120007 —80007 —60007—4000 0 40007 60007 80007  12000m  16000m  Q

(a)

X (/%) = X,(jo/T)

]ﬂ- T# Tﬂ- Iﬂ Tﬂ- Tﬂ-
| | | |
_8m 2 47 -m 27w 0 2 T 4ar 21 87 )

3 3 3 3 3 3
(b)

Figure4.6 (a) Continuous-time and (b) discrete-time Fourier transforms for sam-
pled cosine signal with frequency €2 = 4000 and sampling period 7 = 1/6000.

Example 4.2 Aliasing in Sampling a Sinusoidal Signal

Now suppose that the continuous-time signal is x. () = cos(16000rr¢), but the sampling
period is T = 1/6000, as it was in Example 4.1. This sampling period fails to satisfy
the Nyquist criterion, since Qg = 2x/T = 120007 < 22 = 32000x. Consequently,
we expect to see aliasing. The Fourier transform X ;(j€2) for this case is identical to
that of Figure 4.6(a). However, now the impulse located at 2 = —40007 is from
X o[ (2 — Q)] in Eq. (4.21) rather than from X .(j2,) and the impulse at Q = 40007
is from X [/ (2 + Q)]. That is, the frequencies £4000x are alias frequencies. Plotting
X (e/9) = X s(jow/ T ) as afunction of w yields the same graph as shown in Figure 4.6(b),
since we are normalizing by the same sampling period. The fundamental reason for
this is that the sequence of samples is the same in both cases; i.e.,

c0s(160005r12/6000) = cos(2rn 4+ 400071 /6000) = cos(2mn/3).

(Recall that we can add any integer multiple of 27 to the argument of the cosine
without changing its value.) Thus, we have obtained the same sequence of samples,
x[n] = cos(2xn/3), by sampling two different continuous-time signals with the same
sampling frequency. In one case, the sampling frequency satisfied the Nyquist criterion,
and in the other case it did not. As before, Figure 4.6(a) shows the frequency response
of an ideal reconstruction filter H,(j2) for the given sampling rate of Qg = 120007.
It is clear from this figure that the signal that would be reconstructed would have the
frequency ¢ = 40007, which is the alias frequency of the original frequency 160007z
with respect to the sampling frequency €2; = 120007 .

Examples 4.1 and 4.2 use sinusoidal signals to illustrate some of the ambiguities
that are inherent in the sampling operation. Example 4.1 verifies that if the conditions
of the sampling theorem hold, the original signal can be reconstructed from the samples.
Example 4.2 illustrates that if the sampling frequency violates the sampling theorem, we
cannot reconstruct the original signal using an ideal lowpass reconstruction filter with
cutoff frequency at one-half the sampling frequency. The signal that is reconstructed

IPR2023-01014
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Section 4.3 Reconstruction of a Bandlimited Signal from Its Samples 163

is one of the alias frequencies of the original signal with respect to the sampling rate
used in sampling the original continuous-time signal. In both examples, the sequence of
samples was x[n] = cos(2wn/3), but the original continuous-time signal was different.
As suggested by these two examples, there are unlimited ways of obtaining this same
set of samples by periodic sampling of a continuous-time sinusoid. All ambiguity is
removed, however, if we choose 2, > 29.

4.3 RECONSTRUCTION OF A BANDLIMITED SIGNAL
FROM ITS SAMPLES

According to the sampling theorem, samples of a continuous-time bandlimited signal
taken frequently enough are sufficient to represent the signal exactly, in the sense that
the signal can be recovered from the samples and with knowledge of the sampling
period. Impulse train modulation provides a convenient means for understanding the
process of reconstructing the continuous-time bandlimited signal from its samples.

In Section 4.2, we saw that if the conditions of the sampling theorem are met
and if the modulated impulse train is filtered by an appropriate lowpass filter, then the
Fourier transform of the filter output will be identical to the Fourier transform of the
original continuous-time signal x.(¢), and thus, the output of the filter will be x.(¢). If
we are given a sequence of samples, x[n], we can form an impulse train x;(¢) in which

successive impulses are assigned an area equal to successive sequence values, i.e.,
oo

x(t)= Y x[n]st —nT). (4.22)
n=—0oo
The n'" sample is associated with the impulse at = nT, where T is the sampling period
associated with the sequence x[n]. If this impulse train is the input to an ideal lowpass
continuous-time filter with frequency response H, (j£2) and impulse response %, (r), then
the output of the filter will be
0
x ()= Y x[nlhy(t —nT). (4.23)
n=—oo
A block diagram representation of this signal reconstruction process is shown in Fig-
ure 4.7(a). Recall that the ideal reconstruction filter has a gain of 7' [to compensate
for the factor of 1/T in Eq. (4.19) or (4.20)] and a cutoff frequency 2. between Qy
and Q; — Qu. A convenient and commonly used choice of the cutoff frequency is
Q. = Q,/2 = n/T. This choice is appropriate for any relationship between 2, and
Qy that avoids aliasing (i.e., so long as Q; > 2Qy). Figure 4.7(b) shows the frequency
response of the ideal reconstruction filter. The corresponding impulse response, 4, (),
is the inverse Fourier transform of H, (j<2), and for cutoff frequency /T it is given by

sin(wwt/T)

hy(t) = ————. 4.24

(t) — (4.24)

This impulse response is shown in Figure 4.7(c). Substituting Eq. (4.24) into Eq. (4.23)
leads to

> sin[z(t —nT)/T]
A1) = ) 4.2
x ()= Y xln G =TT (4.25)

n=—oo
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Ideal reconstruction system

Convert from Ideal .
sequence to I‘CCOI;'SIII‘UCUOH
| . . 1lter |
x[n] : impulse train | x,(7) H.(Q) | x,(1)
|
o |
|
| Sampling |
! period T !
(a)
H,(j€2)
T
_m ™ Q
T T
(b)
h,(1)
1
Figure 4.7 (a) Block diagram of an
\lv/\ /\ /\\/J/ ideal bandlimited signal reconstruction
—4T =3T -r 0 T\/ 3T ~"4T t  system. (b) Frequency response of an
ideal reconstruction filter. (c) Impulse
©) response of an ideal reconstruction filter.

Equations (4.23) and (4.25) express the continuous-time signal in terms of a linear
combination of basis functions 4,(t — nT) with the samples x[n] playing the role of
coefficients. Other choices of the basis functions and corresponding coefficients could
be used to represent other classes of continuous-time functions [see, for example Unser
(2000)]. However, the functions in Eq. (4.24) and the samples x[n] are the natural basis
functions and coefficients for representing bandlimited continuous-time signals.

From the frequency-domain argument of Section 4.2, we saw thatif x[n] = x.(nT ),
where X .(j2) = 0 for || > n/T, then x,(r) is equal to x.(r). It is not immediately
obvious that this is true by considering Eq. (4.25) alone. However, useful insight is
gained by looking at that equation more closely. First, let us consider the function A, (¢)
given by Eq. (4.24). We note that

he(0) = 1. (4.262)
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This follows from ’Hopital’s rule or the small angle approximation for the sine function.
In addition,

hy(nT)=0 forn=41,4£2,.... (4.26b)
It follows from Egs. (4.26a) and (4.26b) and Eq. (4.23) that if x[n] = x.(nT ), then
x,(mT ) =x.(mT) (4.27)

for all integer values of m. That is, the signal that is reconstructed by Eq. (4.25) has the
same values at the sampling times as the original continuous-time signal, independently
of the sampling period 7.

In Figure 4.8, we show a continuous-time signal x.(#) and the corresponding mod-
ulated impulse train. Figure 4.8(c) shows several of the terms

sin[z(t —nT)/T]
n(t—nT)/T

and the resulting reconstructed signal x, (¢). As suggested by this figure, the ideal lowpass
filter interpolates between the impulses of x;(¢) to construct a continuous-time signal
xr(t). From Eq. (4.27), the resulting signal is an exact reconstruction of x.(¢) at the
sampling times. The fact that, if there is no aliasing, the lowpass filter interpolates the

xe(1)

(a)

Figure 4.8 Ideal bandlimited
interpolation.
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Ideal reconstruction system

Convert from Ideal

—>| sequence to recor;islttrelictlon . —_— D/C

. . |
x[n] : impulse train | x,(7) H,(jQ) : x,.(1) x[n] T x,(1)
|
| 1 | T
: Sampling |
| period T :
.- a
(a) (b)

Figure 4.9 (a) Ideal bandlimited signal reconstruction. (b) Equivalent represen-
tation as an ideal D/C converter.

correctreconstruction between the samples follows from our frequency-domain analysis
of the sampling and reconstruction process.

It is useful to formalize the preceding discussion by defining an ideal system for
reconstructing a bandlimited signal from a sequence of samples. We will call this system
the ideal discrete-to-continuous-time (D/C) converter. The desired system is depicted in
Figure 4.9. As we have seen, the ideal reconstruction process can be represented as the
conversion of the sequence to an impulse train, asin Eq. (4.22), followed by filtering with
an ideal lowpass filter, resulting in the output given by Eq. (4.25). The intermediate step
of conversion to an impulse train is a mathematical convenience in deriving Eq. (4.25)
and in understanding the signal reconstruction process. However, once we are familiar
with this process, it is useful to define a more compact representation, as depicted in
Figure 4.9(b), where the input is the sequence x[n] and the output is the continuous-time
signal x, (¢) given by Eq. (4.25).

The properties of the ideal D/C converter are most easily seen in the frequency do-
main. To derive an input/output relation in this domain, consider the Fourier transform
of Eq. (4.23) or Eq. (4.25), which is

e.¢]
X (= Y x[nlH.(jQe /",

n=-—00
Since H,(j2) is common to all the terms in the sum, we can write
X, (jQ) = H,(jQ)X (/97). (4.28)

Equation (4.28) provides a frequency-domain description of the ideal D/C converter.
According to Eq. (4.28), X (e/) is frequency scaled (in effect, going from the sequence
to the impulse train causes w to be replaced by Q7). Then the ideal lowpass filter
H,(jQ) selects the base period of the resulting periodic Fourier transform X (e/%7)
and compensates for the 1/T scaling inherent in sampling. Thus, if the sequence x[n]
has been obtained by sampling a bandlimited signal at the Nyquist rate or higher, the
reconstructed signal x, () will be equal to the original bandlimited signal. In any case,
it is also clear from Eq. (4.28) that the output of the ideal D/C converter is always
bandlimited to at most the cutoff frequency of the lowpass filter, which is typically
taken to be one-half the sampling frequency.
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4.4 DISCRETE-TIME PROCESSING OF CONTINUOUS-TIME
SIGNALS

A major application of discrete-time systems is in the processing of continuous-time
signals. This is accomplished by a system of the general form depicted in Figure 4.10.
The system is a cascade of a C/D converter, followed by a discrete-time system, followed
by a D/C converter. Note that the overall system is equivalent to a continuous-time
system, since it transforms the continuous-time input signal x.(¢) into the continuous-
time output signal y,(¢). The properties of the overall system are dependent on the
choice of the discrete-time system and the sampling rate. We assume in Figure 4.10 that
the C/D and D/C converters have the same sampling rate. This is not essential, and later
sections of this chapter and some of the problems at the end of the chapter consider
systems in which the input and output sampling rates are not the same.

The previous sections of the chapter have been devoted to understanding the
C/D and D/C conversion operations in Figure 4.10. For convenience, and as a first step
in understanding the overall system of Figure 4.10, we summarize the mathematical
representations of these operations.

The C/D converter produces a discrete-time signal

x[n] = xc(nT), (429)

i.e., a sequence of samples of the continuous-time input signal x.(¢). The DTFT of this
sequence is related to the continuous-time Fourier transform of the continuous-time

input signal by
: 1 & o 2k
X (/) = = dil==-==)]. .
@)= 3 X [1<T T)] (4.30)
k=—o00
The D/C converter creates a continuous-time output signal of the form
o0 .
sin[zx(t —nT)/T]
F(1) = , 431
0! n;my[n] Y (4.31)

where the sequence y[n] is the output of the discrete-time system when the input to the
system is x[n]. From Eq. (4.28), Y, (j2), the continuous-time Fourier transform of y, (),
and Y (¢/?), the DTFT of y[n], are related by

TY 9Ty, Q| <n/T,

0, otherwise. (4.32)

Y, (jQ) = H,(jY (/9T) = {

Next, let us relate the output sequence y[n] to the input sequence x[n], or equiva-
lently, Y (e/“) to X (e/®). A simple example is the identity system, i.e., y[n] = x[n]. This

' Discrete-time
system

y(0)

~<
=

Figure 4.10 Discrete-time processing of continuous-time signals.
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isin effect the case that we have studied in detail so far. We know that if x.(¢) has a band-
limited Fourier transform such that X .(j2) = 0 for |2] > =/ T and if the discrete-time
system in Figure 4.10 is the identity system such that y[n] = x[n] = x.(nT ), then the
output will be y, () = x.(¢). Recall that, in proving this result, we utilized the frequency-
domain representations of the continuous-time and discrete-time signals, since the key
concept of aliasing is most easily understood in the frequency domain. Likewise, when
we deal with systems more complicated than the identity system, we generally carry
out the analysis in the frequency domain. If the discrete-time system is nonlinear or
time varying, it is usually difficult to obtain a general relationship between the Fourier
transforms of the input and the output of the system. (In Problem 4.51, we consider an
example of the system of Figure 4.10 in which the discrete-time system is nonlinear.)
However, the LTI case leads to a rather simple and generally useful result.

4.4.1 Discrete-Time LTI Processing of Continuous-Time
Signals

If the discrete-time system in Figure 4.10 is linear and time invariant, we have
Y(e/®) = H(e/?)X (¢/), (4.33)

where H(e/®) is the frequency response of the system or, equivalently, the Fourier
transform of the unit sample response, and X (e/®) and Y (¢/®) are the Fourier transforms
of the input and output, respectively. Combining Egs. (4.32) and (4.33), we obtain

Y, (jQ) = H,(jQH (/9T X (e/97), (4.34)
Next, using Eq. (4.30) with w = QT, we have
N - 2k
Y, (jQ) = H,(jQH @)~ X jile-==)]. 4.35
(jQ) = H,(jQH(e )Tk:ZOO [1( - )} (4.35)

If X.(j2) = 0 for |2] = n/T, then the ideal lowpass reconstruction filter H,(j<2)
cancels the factor 1/T and selects only the term in Eq. (4.35) for k = 0; i.e.,

o JHESX (jQ), 12| <7/T,
Y, () = {0, Q| > /T, (4.36)

Thus, if X .(j<2) is bandlimited and the sampling rate is at or above the Nyquist rate,
the output is related to the input through an equation of the form

Y (jS2) = Her ()X (j€2), (4.37)
where
) H(E9T)y, |Q T,
ey = |17 2=

Thatis, the overall continuous-time system is equivalent to an LTT system whose effective
frequency response is given by Eq. (4.38).

Itis important to emphasize that the linear and time-invariant behavior of the sys-
tem of Figure 4.10 depends on two factors. First, the discrete-time system must be linear
and time invariant. Second, the input signal must be bandlimited, and the sampling rate
must be high enough so that any aliased components are removed by the discrete-time
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system. As a simple illustration of this second condition being violated, consider the case
when x.(¢) is a single finite-duration unit-amplitude pulse whose duration is less than the
sampling period. If the pulse is unity atr = 0, then x[n] = §[n]. However, itis clearly pos-
sible to shift the pulse so that it is not aligned with any of the sampling times, i.e., x[n] = 0
for all n. Such a pulse, being limited in time, is not bandlimited, and the conditions of the
sampling theorem cannot hold. Even if the discrete-time system is the identity system,
such that y[n] = x[n], the overall system will not be time invariant if aliasing occurs in
sampling the input. In general, if the discrete-time system in Figure 4.10 is linear and
time invariant, and if the sampling frequency is at or above the Nyquist rate associated
with the bandwidth of the input x.(¢), then the overall system will be equivalent to an LTT
continuous-time system with an effective frequency response given by Eq. (4.38). Fur-
thermore, Eq. (4.38) is valid even if some aliasing occurs in the C/D converter, as long as
H (¢/®) does not pass the aliased components. Example 4.3 is a simple illustration of this.

Example 4.3 Ideal Continuous-Time Lowpass Filtering
Using a Discrete-Time Lowpass Filter

Consider Figure 4.10, with the LTI discrete-time system having frequency response
H(el?) = {

This frequency response is periodic with period 27, as shown in Figure 4.11(a).
For bandlimited inputs sampled at or above the Nyquist rate, it follows from Eq. (4.38)
that the overall system of Figure 4.10 will behave as an LTI continuous-time system
with frequency response

1, |o| <o,
0, we <ol <.

(4.39)

1, |QT| <wcor|Q] <w:/T,
Heg (jS2) = [ (4.40)
0, |QT|> wcor|Q>w:/T.
As shown in Figure 4.11(b), this effective frequency response is that of an ideal
lowpass filter with cutoff frequency Q. = w./T
The graphical illustration given in Figure 4.12 provides an interpretation of how
this effective response is achieved. Figure 4.12(a) represents the Fourier transform

H(el®)

-2 - 2 w

Figure 4.11 (a) Frequency response of discrete-time system in Figure 4.10.
(b) Corresponding effective continuous-time frequency response for bandlimited
inputs.
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X(Q)
/\
Wy O Q

X,(jQ) = X(e/OT)

NN

_2m _m Oy @ 27 Q
T T T T
(b)
X(e/®)
1 .
A i HE
/N /| N /N
/ \ \ / \ / \ \
-2 T -, w. QONT T 2 )
(©
1 Y(e/?)
A\
& &
-2 -, 2w )
(d)
1 Y jQr
N A
N T
| |
| |
\ | I \
_2m T Qe Y s 2m Q
T T T T T T
(e)
Y, (jQ)
1
_e @
T (f) T

Figure 4.12 (a) Fourier transform of a bandlimited input signal. (b) Fourier trans-
form of sampled input plotted as a function of continuous-time frequency €.

(c) Fourier transform X (¢/) of sequence of samples and frequency response

H(e/®y of discrete-time system plotted versus w. (d) Fourier transform of output
of discrete-time system. (e) Fourier transform of output of discrete-time system
and frequency response of ideal reconstruction filter plotted versus €. (f) Fourier
transform of output.
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of a bandlimited signal. Figure 4.12(b) shows the Fourier transform of the intermediate
modulated impulse train, which is identical to X (e/ QT), the DTFT of the sequence of
samples evaluated for w = QT . In Figure 4.12(c), the DTFT of the sequence of samples
and the frequency response of the discrete-time system are both plotted as a function
of the normalized discrete-time frequency variable w. Figure 4.12(d) shows Y (¢/®) =
H(e/®)X (e/®), the Fourier transform of the output of the discrete-time system. Figure
4.12(e) illustrates the Fourier transform of the output of the discrete-time system as
a function of the continuous-time frequency €2, together with the frequency response
of the ideal reconstruction filter H,(j<2) of the D/C converter. Finally, Figure 4.12(f)
shows the resulting Fourier transform of the output of the D/C converter. By comparing
Figures 4.12(a) and 4.12(f), we see that the system behaves as an LTI system with
frequency response given by Eq. (4.40) and plotted in Figure 4.11(b).

Several important points are illustrated in Example 4.3. First, note that the ideal
lowpass discrete-time filter with discrete-time cutoff frequency w, has the effect of an
ideal lowpass filter with cutoff frequency Q2. = w./T when used in the configuration
of Figure 4.10. This cutoff frequency depends on both w. and 7. In particular, by using
a fixed discrete-time lowpass filter, but varying the sampling period T, an equivalent
continuous-time lowpass filter with a variable cutoff frequency can be implemented.
For example, if T were chosen so that QyT < o, then the output of the system of
Figure 4.10 would be y, (t) = x.(t). Also, as illustrated in Problem 4.31, Eq. (4.40) will
be valid even if some aliasing is present in Figures 4.12(b) and (c), as long as these
distorted (aliased) components are eliminated by the filter H (e/®). In particular, from
Figure 4.12(c), we see that for no aliasing to be present in the output, we require that

@Cr —QNT) = w., (4.41)
compared with the Nyquist requirement that
Qmr —QNT ) = QuNT. (442)

As another example of continuous-time processing using a discrete-time system, let us
consider the implementation of an ideal differentiator for bandlimited signals.

Example 4.4 Discrete-Time Implementation of an Ideal
Continuous-Time Bandlimited Differentiator

The ideal continuous-time differentiator system is defined by

d
ye(®) = E[xc(t)], (4.43)
with corresponding frequency response
H.(jQ) = jQ. (4.44)

Since we are considering a realization in the form of Figure 4.10, the inputs are re-
stricted to be bandlimited. For processing bandlimited signals, it is sufficient that
JR, Q) <n/T,

Hepp () = 0. Q| > /T, (4.45)
as depicted in Figure 4.13(a). The corresponding discrete-time system has frequency
response

. jw
H(') = . lo| < 7, (4.46)
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and is periodic with period 2. This frequency response is plotted in Figure 4.13(b).
The corresponding impulse response can be shown to be

. 1 /n (]u}) jon g, _ TmCoSTN — sinzn
27 J_ o \ T

5 , —00 < n < 00,
_ ancT
or equivalently,

hin]

0, n=0,
cos 4.47
nn’ n # 0. ( )
nT
Thus, if a discrete-time system with this impulse response was used in the con-

figuration of Figure 4.10, the output for every appropriately bandlimited input would
be the derivative of the input. Problem 4.22 concerns the verification of this for a
sinusoidal input signal.

IH g ()

~s

eIk}
STE!

™ Q
T
5 T
(a)
|H(el®)l
T
T
\ \
2 - T 21 %)
LH(el?)
m I
2
)
— _m
2
(b)

Figure 4.13

(a) Frequency response of a continuous-time ideal bandlimited dif-

ferentiator H; (JQ) = j2, |2] < 7/ T. (b) Frequency response of a discrete-time
filter to implement a continuous-time bandlimited differentiator.

IPR2023-01014
Nielsen Company EX2014 Page 23



Section 4.4 Discrete-Time Processing of Continuous-Time Signals 173

4.4.2 Impulise Invariance

We have shown that the cascade system of Figure 4.10 can be equivalent to an LTI
system for bandlimited input signals. Let us now assume that, as depicted in Figure 4.14,
we are given a desired continuous-time system that we wish to implement in the form
of Figure 4.10. With H.(j2) bandlimited, Eq. (4.38) specifies how to choose H(e/®) so
that Hegr(j2) = H(j2). Specifically,

H(e/®) = H.(jo/T), lw| < 7, (4.48)
with the further requirement that 7' be chosen such that
H.(jQ) =0, |Q>nr/T. (4.49)

Under the constraints of Egs. (4.48) and (4.49), there is also a straightforward and useful
relationship between the continuous-time impulse response %.(¢) and the discrete-time
impulse response k[n]. In particular, as we shall verify shortly,

hinl=Th.(nT); (4.50)

i.e., the impulse response of the discrete-time system is a scaled, sampled version of
he(t). When h[n] and h.(¢) are related through Eq. (4.50), the discrete-time system is
said to be an impulse-invariant version of the continuous-time system.

Equation (4.50) is a direct consequence of the discussion in Section 4.2. Specifically,
with x[n] and x.(¢) respectively replaced by A[n] and h.(¢) in Eq. (4.16), i.e.,

h[n] = he(nT), (4.51)
Eq. (4.20) becomes
; 1 & o 27k
joy — — E i = — ===
H(/?) = Tk:_OOHC<] <T T )), (4.52)

Continuous-time
—>{ LIIsystem |——

xc(t) hc([)’Hc(]il) yc(l)

(a)

Discrete-time
—_—> C/D > LTI system D/C |p——
x.(t) x[n] h[n], H(e™) | y[n]

He () = H.(jQ)
(b)

Figure 4.14 (2) Continuous-time LTI system. (b) Equivalent system for bandlim-
ited inputs.
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or, if Eq. (4.49) is satisfied,

: 1 1)

joy — — Jud
H(e?) = THC <]T>’ lw| < 7. (4.53)
Modifying Eqgs. (4.51) and (4.53) to account for the scale factor of 7' in Eq. (4.50), we

have
hin] = The(nT), (4.54)
joy d

H(e )_HC<]T), lw| < 7. (4.55)

Example 4.5 A Discrete-Time Lowpass Filter Obtained
by Impulse Invariance
Suppose that we wish to obtain an ideal lowpass discrete-time filter with cutoff fre-

quency w. < 7. We can do this by sampling a continuous-time ideal lowpass filter with
cutoff frequency Q. = w./T < n/T defined by

o L 19l < Q,
Hels = {o, €l = 2.
The impulse response of this continuous-time system is

in(Q2.t
he(r) = &),
Tt

so we define the impulse response of the discrete-time system to be

h[nl = The(nT) = TSin(QC”T) _ sin(wen)

3

anT mn

where o, = Q.T. We have already shown that this sequence corresponds to the DTFT

i 1, |o| < ¢
H Jw — ’ (68
™ {o, we < o] <,

which is identical to H.(jw/T ), as predicted by Eq. (4.55).

Example 4.6 Impuise Invariance Applied to
Continuous-Time Systems with Rational System Functions

Many continuous-time systems have impulse responses composed of a sum of expo-
nential sequences of the form

he(t) = A0 u(r).

Such time functions have Laplace transforms

Hq(s) = i Re(s) > Re(sg).

s — 380

If we apply the impulse invariance concept to such a continuous-time system, we obtain
the impulse response

hin]l = The(nT) = AT &0T"y[n],
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which has z-transform system function

S()T|

H(z) = |z] > le

1 _ eS()Tzfl
and, assuming Re(sy) < 0, the frequency response

AT

HE/?) = —————.
(e™™) 1= eS0T g—jo

In this case, Eq. (4.55) does not hold exactly, because the original continuous-time
system did not have a strictly bandlimited frequency response, and therefore, the re-
sulting discrete-time frequency response is an aliased version of H.(j<2). Even though
aliasing occurs in such a case as this, the effect may be small. Higher-order systems
whose impulse responses are sums of complex exponentials may in fact have fre-
quency responses that fall off rapidly at high frequencies, so that aliasing is minimal if
the sampling rate is high enough. Thus, one approach to the discrete-time simulation
of continuous-time systems and also to the design of digital filters is through sampling
of the impulse response of a corresponding analog filter.

4.5 CONTINUOUS-TIME PROCESSING OF DISCRETE-TIME
SIGNALS

In Section 4.4, we discussed and analyzed the use of discrete-time systems for processing
continuous-time signals in the configuration of Figure 4.10. In this section, we consider
the complementary situation depicted in Figure 4.15, which is appropriately referred
to as continuous-time processing of discrete-time signals. Although the system of Fig-
ure 4.15 is not typically used to implement discrete-time systems, it provides a useful
interpretation of certain discrete-time systems that have no simple interpretation in the
discrete domain.

From the definition of the ideal D/C converter, X .(j2) and therefore also Y. (j2),
will necessarily be zero for |2| > 7/ T. Thus, the C/D converter samples y.(¢) without
aliasing, and we can express x.(t) and y.(r) respectively as

o sin[z(t —nT)/T]
xe(t) = n;wx[n] T (4.56)
and
< sin[7(t —nT)/T)
Yelt) = n;ooy[n] A TT (4.57)
Y G
: h.(1) i
—b b el D b——
xln] | @ UD [y yin]

Figure 4.15 Continuous-time
____________________________ processing of discrete-time signals.
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where x[n] = x,(nT) and y[n] = y.(nT ). The frequency-domain relationships for
Figure 4.15 are

X (jQ) =TX (e/97), Q| <n/T, (4.58a)
. 1
Y(el?) = =Y. (ﬁ) , o] < 7. (4.58¢)

Therefore, by substituting Eqs. (4.58a) and (4.58b) into Eq. (4.58¢), it follows that the
overall system behaves as a discrete-time system whose frequency response is

H(e/®) = H, (#) L ol <7, (4.59)
or equivalently, the overall frequency response of the system in Figure 4.15 will be equal
to a given H (¢/®) if the frequency response of the continuous-time system is

H.(jQ) = H(e/T), Q| <n/T. (4.60)

Since X .(j2) = 0 for || = n/T, H.(j2) may be chosen arbitrarily above 7/T. A
convenient—but arbitrary—choice is H.(j2) = 0 for || > =/ T.

With this representation of a discrete-time system, we can focus on the equivalent
effect of the continuous-time system on the bandlimited continuous-time signal x.(z).
This is illustrated in Examples 4.7 and 4.8.

Example 4.7 Noninteger Delay

Let us consider a discrete-time system with frequency response
H(el?) = ¢ 1@, lw| < . (4.61)

When A is an integer, this system has a straightforward interpretation as a delay of A,
i.e.,

y[n] = x[n — Al (4.62)

When A is not an integer, Eq. (4.62) has no formal meaning, because we cannot shift
the sequence x[n] by a noninteger amount. However, with the use of the system of
Figure 4.15, a useful time-domain interpretation can be applied to the system specified
by Eq. (4.61). Let H.(j€2) in Figure 4.15 be chosen to be

He(jQ) = H(/ 9Ty = ¢=/9TA, (4.63)

Then, from Eq. (4.59), the overall discrete-time system in Figure 4.15 will have the
frequency response given by Eq. (4.61), whether or not A is an integer. To interpret
the system of Eq. (4.61), we note that Eq. (4.63) represents a time delay of T A seconds.
Therefore,

Ye(t) =xc(t —TA). (4.64)

Furthermore, x.(7) is the bandlimited interpolation of x[n], and y[n] is obtained by

sampling y.(¢). For example, if A = %, y[n] would be the values of the bandlim-
ited interpolation halfway between the input sequence values. This is illustrated in
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Figure 4.16. We can also obtain a direct convolution representation for the system
defined by Eq. (4.61). From Eqs. (4.64) and (4.56), we obtain

y[nl = ye(T) = xc(nT —TA)

sinf[r(t —TA —kT)/T]

- Z x[k] —TA—KTYT s (4.65)

e sint(n —k — A)
= Z xlkl——————,
an—k—A)

k=—00
which is, by definition, the convolution of x[n] with
sinzt(n — A)
hinl= ———, —00 < n < o0.
T(n— A)

When A is not an integer, #[n] has infinite extent. However, when A = ng is an integer,
itis easily shown that 4[n] = §[n—ng], which is the impulse response of the ideal integer

delay system.
e % X0,
0o T

2T
() ;
= y‘([) e 2)
AARRARE
0 T 2T T
(®)

Figure4.16 (a) Continuous-time processing of the discrete-time sequence (b) can
produce a new sequence with a “half-sample” delay.

The noninteger delay represented by Eq. (4.65) has considerable practical sig-
nificance, since such a factor often arises in the frequency-domain representation of
systems. When this kind of term is found in the frequency response of a causal discrete-
time system, it can be interpreted in the light of this example. This interpretation is
illustrated in Example 4.8.

Example 4.8 Moving-Average System with Noninteger
Delay

In Example 2.16, we considered the general moving-average system and obtained its
frequency response. For the case of the causal (M + 1)-point moving-average system,
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M1 =0and M, = M, and the frequency response is

H(e@) — 1 sin[w.(M + 1)/2]e—jwM/2’
(M+1) sin(w/2)

lw| < 7. (4.66)

This representation of the frequency response suggests the interpretation of the
(M + 1)-point moving-average system as the cascade of two systems, as indicated
in Figure 4.17. The first system imposes a frequency-domain amplitude weighting. The
second system represents the linear-phase term in Eq. (4.66). If M is an even integer
(meaning the moving average of an odd number of samples), then the linear-phase
term corresponds to an integer delay, i.e.,

y[n] = wln — M/2]. (4.67)

However, if M is odd, the linear-phase term corresponds to a noninteger delay, specif-
ically, an integer-plus-one-half sample interval. This noninteger delay can be inter-
preted in terms of the discussion in Example 4.7; i.e., y[n] is equivalent to bandlim-
ited interpolation of w[n], followed by a continuous-time delay of MT/2 (where T
is the assumed, but arbitrary, sampling period associated with the D/C interpola-
tion of w[n]), followed by C/D conversion again with sampling period 7. This frac-
tional delay is illustrated in Figure 4.18. Figure 4.18(a) shows a discrete-time sequence
x[n] = cos(0.257n). This sequence is the input to a six-point (M = 5) moving-average
filter. In this example, the input is “turned on” far enough in the past so that the output
consists only of the steady-state response for the time interval shown. Figure 4.18(b)
shows the corresponding output sequence, which is given by

. 1 . . 1 .
ynl = H(ejO.ZSn)EejO.ZSTrn + H(efj().ZSn)Eeij.ZSnn

1sin(3(025m)] _j(0.257)5/2,,j0.257n | 1 SINB(=0251)1 j0.257)5/2,- j0.25mn
2 6sin(0.1257) 2 6sin(—0.1257)

= 0.308 cos[0.257 (n — 2.5)].

Thus, the six-point moving-average filter reduces the amplitude of the cosine signal
and introduces a phase shift that corresponds to 2.5 samples of delay. This is apparent
in Figure 4.18, where we have plotted the continuous-time cosines that would be inter-
polated by the ideal D/C converter for both the input and the output sequence. Note
in Figure 4.18(b) that the six-point moving-average filtering gives a sampled cosine
signal such that the sample points have been shifted by 2.5 samples with respect to
the sample points of the input. This can be seen from Figure 4.18 by comparing the
positive peak at 8 in the interpolated cosine for the input to the positive peak at 10.5
in the interpolated cosine for the output. Thus, the six-point moving-average filter is
seen to have a delay of 5/2 = 2.5 samples.

|

|

| 1 sin(w(M +1)/2)
: M+1 sin (w/2)

|

Figure 4.17 The moving-average system represented as a cascade of two
systems.

IPR2023-01014
Nielsen Company EX2014 Page 29



Section 4.6

Changing the Sampling Rate Using Discrete-Time Processing 179
1
05 -
0
1 W \k |
C \ \ \ \ \ Bl
-5 0 5 10 15 20
n
(a)
I T
1+ | | ]
> ~ M2
05 i i _
. /ﬂ\wm\ ATy AT
| |
05 | | |
| |
| |
- \ \ \ | i \ \ ]

=5 0 5 10 15 20
n

(®)

Figure 4.18 lllustration of moving-average filtering. (a) Input signal
x[n] = co0s(0.25xn). (b) Corresponding output of six-point moving-average
filter.

4.6 CHANGING THE SAMPLING RATE USING
DISCRETE-TIME PROCESSING

We have seen that a continuous-time signal x.(#) can be represented by a discrete-time
signal consisting of a sequence of samples

x[n] =x.(nT). (4.68)

Alternatively, our previous discussion has shown that, even if x[n] was not obtained
originally by sampling, we can always use the bandlimited interpolation formula of
Eq. (4.25) to reconstruct a continuous-time bandlimited signal x, () whose samples are
x[n]=x,(nT) = x.(nT),1.e., the samples of x.(r) and x, (¢) are identical at the sampling
times even when x, (t) # x.(¢).

It is often necessary to change the sampling rate of a discrete-time signal, i.e., to
obtain a new discrete-time representation of the underlying continuous-time signal of
the form

x1[n] = xc(nTy), (4.69)

where T} # T. This operation is often called resampling. Conceptually, x[n] can be ob-
tained from x[n] by reconstructing x.(¢) from x[n] using Eq. (4.25) and then resampling
xc(t) with period 77 to obtain x1[n]. However, this is not usually a practical approach,

IPR2023-01014
Nielsen Company EX2014 Page 30



180 Chapter 4 Sampling of Gontinuous-Time Signals

> | M
x[n] xq[n] = x[nM]
Sampling Sampling Figure 4.19 Representation of a
period T’ period T, =MT

compressor or discrete-time sampler.

because of the nonideal analog reconstruction filter, D/A converter, and A/D converter
that would be used in a practical implementation. Thus, it is of interest to consider
methods of changing the sampling rate that involve only discrete-time operations.

4.6.1 Sampling Rate Reduction by an Integer Factor

The sampling rate of a sequence can be reduced by “sampling” it, i.e., by defining a new
sequence

xg[n] = x[nM] = x.(nMT). (4.70)

Equation (4.70) defines the system depicted in Figure 4.19, which is called a sampling
rate compressor (see Crochiere and Rabiner, 1983 and Vaidyanathan, 1993) or simply a
compressor. From Eq. (4.70), it follows that x,[n] is identical to the sequence that would
be obtained from x.(¢) by sampling with period 7; = MT. Furthermore, if X .(j2) =0
for |Q2| > Qp, then x4[n] is an exact representation of x.(¢) if 7 /Ty = n/(MT ) > Qy.
That s, the sampling rate can be reduced to 7 /M without aliasing if the original sampling
rate is at least M times the Nyquist rate or if the bandwidth of the sequence is first
reduced by a factor of M by discrete-time filtering. In general, the operation of reducing
the sampling rate (including any prefiltering) is called downsampling.

Asinthe case of sampling a continuous-time signal, it is useful to obtain a frequency-
domain relation between the input and output of the compressor. This time, however,
it will be a relationship between DTFTs. Although several methods can be used to de-
rive the desired result, we will base our derivation on the results already obtained for
sampling continuous-time signals. First, recall that the DTFT of x[n] = x.(nT ) is

1 & w 27k
X (e/?) = — dil=—=—71]1. .
=23 X |:J<T - )} (4.71)
k=—00
Similarly, the DTFT of x4[n] = x[nM] = x.(nTy) with T; = MT is
;  — [ (o 27mr
Xa(”) = — Xcljl=——-——)1I. 4.72
=g 3 xi(7 -] (472)
Now, since T; = MT, we can write Eq. (4.72) as
: 1 & [ 1) 2nr
X4 = — Xcljl—-—71)1. 4.73
a(€) = r;m C_J<MT MT)} (4.73)

To see the relationship between Egs. (4.73) and (4.71), note that the summation index r
in Eq. (4.73) can be expressed as

r=1i+kM, (474)
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where k and i are integers such that —oo <k <occand 0 <i < M — 1. Clearly, r is still
an integer ranging from —oo to oo, but now Eq. (4.73) can be expressed as

. i (- dnk  2mi
Xd(e.zw)zﬁz{T > xfi(m -k _J;)}}. (475)

i=0 k=—

The term inside the square brackets in Eq. (4.75) is recognized from Eq. (4.71) as

1 & w—2mi 27k
X (o) @=210)/My _ X.|jZ2= =) . 476
(e y=2 2 Xelil =57 - (4.76)
k=—00
Thus, we can express Eq. (4.75) as
| M1
joy _ j(w/M—27i /M)
Xa(e!) = — 2(; X (& /M)y, (4.77)
=

There is a strong analogy between Egs. (4.71) and (4.77): Equation (4.71) expresses
the Fourier transform of the sequence of samples, x[n] (with period T'), in terms of the
Fourier transform of the continuous-time signal x.(¢); Equation (4.77) expresses the
Fourier transform of the discrete-time sampled sequence x;[n] (with sampling period M)
in terms of the Fourier transform of the sequence x[n]. If we compare Eqgs. (4.72) and
(4.77), we see that X 4(e/®) can be thought of as being composed of the superposition
of either an infinite set of amplitude-scaled copies of X .(j2), frequency scaled through
o = QT,; and shifted by integer multiples of 27 [Eq. (4.72)], or M amplitude-scaled
copies of the periodic Fourier transform X (e/®), frequency scaled by M and shifted by
integer multiples of 27 [Eq. (4.77)]. Either interpretation makes it clear that X 4(e/%) is
periodic with period 27 (as are all DTFTs) and that aliasing can be avoided by ensuring
that X (e/®) is bandlimited, i.e.,

X () =0, oy<lol <m, (4.78)

and 27 /M > 2wy.

Downsampling is illustrated in Figure 4.20 for M = 2. Figure 4.20(a) shows the
Fourier transform of a bandlimited continuous-time signal, and Figure 4.20(b) shows
the Fourier transform of the impulse train of samples when the sampling period is
T. Figure 4.20(c) shows X (e/®) and is related to Figure 4.20(b) through Eq. (4.18).
As we have already seen, Figures 4.20(b) and (c) differ only in a scaling of the fre-
quency variable. Figure 4.20(d) shows the DTFT of the downsampled sequence when
M = 2. We have plotted this Fourier transform as a function of the normalized frequency
o = QT,. Finally, Figure 4.20(e) shows the DTFT of the downsampled sequence plotted
as a function of the continuous-time frequency variable Q. Figure 4.20(e) is identical
to Figure 4.20(d), except for the scaling of the frequency axis through the relation
QL=w/Ty.

In this example, 277/ T = 4Qy; i.e., the original sampling rate is exactly twice the
minimum rate to avoid aliasing. Thus, when the original sampled sequence is downsam-
pled by a factor of M = 2, no aliasing results. If the downsampling factor is more than
2 in this case, aliasing will result, as illustrated in Figure 4.21.

Figure 4.21(a) shows the continuous-time Fourier transform of x.(¢), and Fig-
ure 4.21(b) shows the DTFT of the sequence x[n] = x.(nT), when 27/ T = 4Qy. Thus,
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Figure 4.20 Frequency-domain illustration of downsampling.
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Figure 4.21 (a)—(c) Downsampling with aliasing. (d)—(f) Downsampling with
prefiltering to avoid aliasing. 183
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Lowpeass filter
—_— Gain =1 — ¢ M — —
x[n] Cutoff = 7/M | X[n] X4[n] =Xx[nM]
Sa‘:}pgnﬁ Sangan Sampling Figure 4.22 General system for
peno peno period Ty =MT  sampling rate reduction by M.

oy = QnT = /2. Now, if we downsample by a factor of M = 3, we obtain the sequence
xq[n] = x[3n] = x.(n3T ) whose DTFT is plotted in Figure 4.21(c) with normalized
frequency w = QTy. Note that because Mwy = 37 /2, which is greater than r, aliasing
occurs. In general, to avoid aliasing in downsampling by a factor of M requires that

oM <m or oy <7m/M. (479)

If this condition does not hold, aliasing occurs, but it may be tolerable for some appli-
cations. In other cases, downsampling can be done without aliasing if we are willing to
reduce the bandwidth of the signal x[n] before downsampling. Thus, if x[#n] is filtered
by an ideal lowpass filter with cutoff frequency /M, then the output %[n] can be down-
sampled without aliasing, as illustrated in Figures 4.21(d), (e), and (f). Note that the
sequence ¥4[n] = ¥[nM] no longer represents the original underlying continuous-time
signal x.(¢). Rather, %4[n] = X.(nTy), where T; = MT, and X.(¢) is obtained from x.(¢)
by lowpass filtering with cutoff frequency Q. = n/T; = n/(MT).

From the preceding discussion, we see that a general system for downsampling by
a factor of M is the one shown in Figure 4.22. Such a system is called a decimator, and
downsampling by lowpass filtering followed by compression has been termed decimation
(Crochiere and Rabiner, 1983 and Vaidyanathan, 1993).

4.6.2 Increasing the Sampling Rate by an Integer Factor

We have seen that the reduction of the sampling rate of a discrete-time signal by an
integer factor involves sampling the sequence in a manner analogous to sampling a
continuous-time signal. Not surprisingly, increasing the sampling rate involves opera-
tions analogous to D/C conversion. To see this, consider a signal x[n] whose sampling
rate we wish to increase by a factor of L. If we consider the underlying continuous-time
signal x.(¢), the objective is to obtain samples

xiln] = x(Ty), (4.80)
where 7; = T/L, from the sequence of samples
x[n] = x.(nT). (4.81)

We will refer to the operation of increasing the sampling rate as upsampling.
From Eqgs. (4.80) and (4.81), it follows that

xi[n] = x[n/L] = x.(nT/L), n=0,%xL,+2L,.... (4.82)

Figure 4.23 shows a system for obtaining x;[r] from x[n] using only discrete-time pro-
cessing. The system on the left is called a sampling rate expander (see Crochiere and
Rabiner, 1983 and Vaidyanathan, 1993) or simply an expander. Its output is

x[n/L], n=0,xL,+2L,...,

Xeln] = {0, otherwise, (4.83)
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Lowpeass filter
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x([n] x,[n] | Cutoff=ax/L x;[n]
Sampling Sampling Sampling Figure 4.23 General system for
period T period T; = T/L period T; = T/L

sampling rate increase by L.

or equivalently,
oo

xe[n]= Y x[kls[n —kL). (4.84)
k=—o00
The system on the right is a lowpass discrete-time filter with cutoff frequency = /L and
gain L. This system plays a role similar to the ideal D/C converter in Figure 4.9(b).
First, we create a discrete-time impulse train x.[r], and we then use a lowpass filter to
reconstruct the sequence.
The operation of the system in Figure 4.23 is most easily understood in the fre-
quency domain. The Fourier transform of x.[n] can be expressed as

X (e/?) = Z ( Z x[k]8[n —kL]) e Jon

"o M= (4.85)
= Z x[kle 7Lk = x (/L.
k=—00

Thus, the Fourier transform of the output of the expander is a frequency-scaled
version of the Fourier transform of the input; i.e., w is replaced by wL so that w is now
normalized by

w = QT;. (4.86)
This effect is illustrated in Figure 4.24. Figure 4.24(a) shows a bandlimited continuous-
time Fourier transform, and Figure 4.24(b) shows the DTFT of the sequence x[n] =
x.(nT ), where n/T = Qy. Figure 4.24(c) shows X .(e/®) according to Eq. (4.85), with
L = 2, and Figure 4.24(e) shows the Fourier transform of the desired signal x;[n]. We see
that X ; (e/®) can be obtained from X ,(e/®) by correcting the amplitude scale from 1/ T
to 1/T; and by removing all the frequency-scaled images of X .(j<2) except at integer
multiples of 27r. For the case depicted in Figure 4.24, this requires a lowpass filter with a
gain of 2 and cutoff frequency /2, as shown in Figure 4.24(d). In general, the required
gain would be L, since L(1/T) = [1/(T/L)] = 1/T;, and the cutoff frequency would be
/L.

This example shows that the system of Figure 4.23 does indeed give an output
satisfying Eq. (4.80) if the input sequence x[n] = x.(nT ) was obtained by sampling
without aliasing. Therefore, that system is called an interpolator, since it fills in the
missing samples, and the operation of upsampling is consequently considered to be
synonymous with interpolation.

Asinthe case of the D/C converter, it is possible to obtain an interpolation formula
for x;[n] in terms of x[n]. First, note that the impulse response of the lowpass filter in
Figure 4.23 is

sin(wn/L)

hi[n] -3

(4.87)
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Figure 4.24 Frequency-domain illustration of interpolation.
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Using Eq. (4.84), we obtain

e sin[z(n — kL)/L]
xilnl= Y x[k] KDL (4.88)

k=—00
The impulse response #;[n] has the properties
hi[0] =1,

(4.89)
hi[n] =0, n==L +2L,....
Thus, for the ideal lowpass interpolation filter, we have
xi[n] = x[n/L]l = x.(nT/L) = x.(nT;), n=0,+L,+2L,..., (4.90)

as desired. The fact that x;[n] = x.(nT;) for all n follows from our frequency-domain
argument.

4.6.3 Simple and Practical Interpolation Filters

Although ideal lowpass filters for interpolation cannot be implemented exactly, very
good approximations can be designed using techniques to be discussed in Chapter 7.
However,in some cases, very simple interpolation procedures are adequate or are forced
on us by computational limitations. Since linear interpolation is often used (even though
itis often not very accurate), it is worthwhile to examine this process within the general
framework that we have just developed.

Linear interpolation corresponds to interpolation so that the samples between
two original samples lie on a straight line connecting the two original sample values.
Linear interpolation can be accomplished with the system of Figure 4.23 with the filter
having the triangularly shaped impulse response

o 11— Iml/L, n| < L,
Minlnl = !0, otherwise, (4.91)
as shown in Figure 4.25 for L = 5. With this filter, the interpolated output will be
n+L—1
Xinlnl = Y xelklhjnln — k. (4.92)
k=n—L+1

Figure 4.26(a) depicts x.[k] (with the envelope of h;, [n—k] shown dashed for a particular
value n = 18) and the corresponding output xji, [] for the case L = 5. In this case, xj;, [1]
for n = 18 depends only on original samples x[3] and x[4]. From this figure, we see that
xjin[n] is identical to the sequence obtained by connecting the two original samples on
either side of n by a straight line and then resampling at the L — 1 desired points in

1
hyin[n]

L=5

4/5
N 35
- “o 25
TT T 15
o :’T T‘~= o Figure 4.25 Impulse response for
0

n linear interpolation.
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Figure 4.26 (a) lllustration of linear interpolation by filtering. (b) Frequency re-
sponse of linear interpolator compared with ideal lowpass interpolation filter.

between. Also, note that the original sample values are preserved because hj[0] = 1
and hjy[n] = 0 for |n| > L.

The nature of the distortion in the intervening samples can be better understood
by comparing the frequency response of the linear interpolator with that of the ideal
lowpass interpolator for a factor of L interpolation. It can be shown (see Problem 4.56)
that

sin(wL /2) ]2

Hiin( jw) — l
infe =T | Tsin(w/2)

7 (4.93)
This function is plotted in Figure 4.26(b) for L = 5 together with the ideal lowpass
interpolation filter. From the figure, we see that if the original signal is sampled at just
the Nyquist rate, i.e., not oversampled, linear interpolation will not be very accurate,
since the output of the filter will contain considerable energy in the band 7 /L < |w| < 7
due to the frequency-scaled images of X .(j2) at multiples of 27/ L that are not removed
by the linear interpolation filter. However, if the original sampling rate is much higher
than the Nyquist rate, then the linear interpolator will be more successful in removing
these images because Hj;,(e/®) is small in a narrow region around these normalized
frequencies, and at higher sampling rates, the increased frequency scaling causes the
shifted copies of X .(j2) to be more localized at multiples of 27 /L. This is intuitively
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reasonable from a time domain perspective too, since, if the original sampling rate
greatly exceeds the Nyquist rate, the signal will not vary significantly between samples,
and thus, linear interpolation should be more accurate for oversampled signals.

Because of its double-sided infinite-length impulse response, the ideal bandlimited
interpolator involves all of the original samples in the computation of each interpolated
sample. In contrast, linear interpolation involves only two of the original samples in the
computation of each interpolated sample. To better approximate ideal bandlimited in-
terpolation, it is necessary to use filters with longer impulse responses. For this purpose
FIR filters have many advantages. The impulse response hi[n] of an FIR filter for inter-
polation by a factor L usually is designed to have the following properties:

hiln] =0 n| > KL (4.94a)
hiln]l = hi[-n]  |n| <KL (4.94b)
hi[0]=1 n=0 (4.94c)
hiln]=0 n=4L,+2L,...,+KL. (4.94d)

The interpolated output will therefore be

n+KL—-1
Zilnl= Y xelklhiln — k. (4.95)

k=n—KL+1

Note that the impulse response for linear interpolation satisfies Eqs. (4.94a)—(4.94d)
with K = 1.

It is important to understand the motivation for the constraints of Eqs. (4.94a)-
(4.94d). Equation (4.94a) states that the length of the FIR filter is 2K L — 1 samples.
Furthermore, this constraint ensures that only 2K original samples are involved in the
computation of each sample of ;[n]. This is because, even though 7;[n] has 2KL — 1
nonzero samples, the input x.[k] has only 2K nonzero samples within the region of
support of ;[n — k] for any n between two of the original samples. Equation (4.94b)
ensures that the filter will not introduce any phase shift into the interpolated samples
since the corresponding frequency response is a real function of w. The system could
be made causal by introducing a delay of at least KL — 1 samples. In fact, the impulse
response /;[n — K L] would yield an interpolated output delayed by K L samples, which
would correspond to a delay of K samples at the original sampling rate. We might want
to insert other amounts of delay so as to equalize delay among parts of a larger system
that involves subsystems operating at different sampling rates. Finally, Egs. (4.94c) and
(4.94d) guarantee that the original signal samples will be preserved in the output, i.e.,

Xi[nl=x[n/L] at n=0,£L,+2L,.... (4.96)

Thus, if the sampling rate of X;[n] is subsequently reduced back to the original rate (with
no intervening delay or a delay by a multiple of L samples) then %;[nL] = x[n]; i.e., the
original signal is recovered exactly. If this consistency is not required, the conditions of
Eqgs. (4.94c) and (4.94d) could be relaxed in the design of /;[n].
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Figure 4.27 shows x,[k] and h;[n — k] with K = 2. The figure shows that each
interpolated value depends on 2K = 4 samples of the original input signal. Also note
that computation of each interpolated sample requires only 2K multiplications and
2K —1 additions since there are always L — 1 zero samples in x.[k] between each of the
original samples.

hin -k
- x,[k]

Figure 4.27 lllustration of interpolation involving 2K = 4 samples when L = 5.

Interpolation is a much-studied problem in numerical analysis. Much of the de-
velopment in this field is based on interpolation formulas that exactly interpolate poly-
nomials of a certain degree. For example, the linear interpolator gives exact results for
a constant signal and one whose samples vary along a straight line. Just as in the case
of linear interpolation, higher-order Lagrange interpolation formulas (Schafer and Ra-
biner, 1973) and cubic spline interpolation formulas (Keys, 1981 and Unser, 2000) can
be cast into our linear filtering framework to provide longer filters for interpolation.
For example, the equation

@+2)ln/LP = (@+3)n/LF+1  0<n<L
hiln]l = { aln/L|® = 5|n/L|> + 8aln/L| — 4a L<n<2L (4.97)

0 otherwise

defines a convenient family of interpolation filter impulse responses that involve four
(K = 2) original samples in the computation of each interpolated sample. Figure 4.28(a)
shows the impulse response of a cubic filter for « = —0.5 and L = 5 along with the
filter (dashed triangle) for linear (K = 1) interpolation. The corresponding frequency
responses are shown in Figure 4.28(b) on a logarithmic amplitude (dB) scale. Note that
the cubic filter has much wider regions around the frequencies 27/L and 47 /L (0.47
and 0.8 in this case) but lower sidelobes than the linear interpolator, which is shown
as the dashed line.

4.6.4 Changing the Sampling Rate by a Noninteger
Factor

We have shown how to increase or decrease the sampling rate of a sequence by an
integer factor. By combining decimation and interpolation, it is possible to change
the sampling rate by a noninteger factor. Specifically, consider Figure 4.29(a), which

IPR2023-01014
Nielsen Company EX2014 Page 41



1r ~ — — linearpulse (L=5) H

7 —* cubicpulse a=-5
/ AN
0.5 7/ AN —
/7
0 & T T\ \=
L J ‘ ‘ ‘ ‘ ‘ L J
m
o
.8
Q
o]
2
=)
an
<
=)
an
2
Figure 4.28 Impulse responses and frequency responses for linear and cubic
interpolation.
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Figure 4.29 (a) System for changing the sampling rate by a noninteger fac-
tor. (b) Simplified system in which the decimation and interpolation filters are
combined.
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shows an interpolator that decreases the sampling period from T to T/L, followed by a
decimator that increases the sampling period by M, producing an output sequence %4[n]
that has an effective sampling period of (T M/L). By choosing L and M appropriately,
we can approach arbitrarily close to any desired ratio of sampling periods. For example,
if L =100 and M = 101, then the effective sampling period is 1.017.

If M > L, there is a net increase in the sampling period (a decrease in the sam-
pling rate), and if M < L, the opposite is true. Since the interpolation and decima-
tion filters in Figure 4.29(a) are in cascade, they can be combined as shown in Fig-
ure 4.29(b) into one lowpass filter with gain L and cutoff equal to the minimum of
w/L and /M. If M > L, then 7/M is the dominant cutoff frequency, and there is a
net reduction in sampling rate. As pointed out in Section 4.6.1, if x[n] was obtained by
sampling at the Nyquist rate, the sequence X4[n] will correspond to a lowpass-filtered
version of the original underlying bandlimited signal if we are to avoid aliasing. On
the other hand, if M < L, then n/L is the dominant cutoff frequency, and there will
be no need to further limit the bandwidth of the signal below the original Nyquist
frequency.

Example 4.9 Sampling Rate Conversion by a Noninteger
Rational Factor

Figure 4.30 illustrates sampling rate conversion by a rational factor. Suppose that a
bandlimited signal with X (7€) as given in Figure 4.30(a) is sampled at the Nyquist
rate;i.e., 2w/ T = 2Qy. The resulting DTFT

o0

; 1 2k
vz 2 5 (13- F))

k=—00

is plotted in Figure 4.30(b). An effective approach to changing the sampling period
to (3/2)T, is to first interpolate by a factor L = 2 and then decimate by a factor of
M = 3. Since this implies a net decrease in sampling rate, and the original signal was
sampled at the Nyquist rate, we must incorporate additional bandlimiting to avoid
aliasing.

Figure 4.30(c) shows the DTFT of the output of the L = 2 upsampler. If we were
interested only in interpolating by a factor of 2, we could choose the lowpass filter to
have a cutoff frequency of w. = 7 /2 and a gain of L = 2. However, since the output
of the filter will be decimated by M = 3, we must use a cutoff frequency of w. = /3,
but the gain of the filter should still be 2 as in Figure 4.30(d). The Fourier transform
X;(e/®) of the output of the lowpass filter is shown in Figure 4.30(e). The shaded
regions indicate the part of the signal spectrum that is removed owing to the lower
cutoff frequency for the interpolation filter. Finally, Figure 4.30(f) shows the DTFT
of the output of the downsampler by M = 3. Note that the shaded regions show the
aliasing that would have occurred if the cutoff frequency of the interpolation lowpass
filter had been 7/2 instead of /3.
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Figure 4.30 lllustration of changing the sampling rate by a noninteger factor.
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4.7 MULTIRATE SIGNAL PROCESSING

As we have seen, it is possible to change the sampling rate of a discrete-time signal by a
combination of interpolation and decimation. For example, if we want a new sampling
period of 1.017, we can first interpolate by L = 100 using a lowpass filter that cuts off
at o, = /101 and then decimate by M = 101. These large intermediate changes in
sampling rate would require large amounts of computation for each output sample if we
implement the filtering in a straightforward manner at the high intermediate sampling
rate that is required. Fortunately, it is possible to greatly reduce the amount of com-
putation required by taking advantage of some basic techniques broadly characterized
as multirate signal processing. These multirate techniques refer in general to utilizing
upsampling, downsampling, compressors, and expanders in a variety of ways to increase
the efficiency of signal-processing systems. Besides their use in sampling rate conver-
sion, they are exceedingly useful in A/D and D/A systems that exploit oversampling
and noise shaping. Another important class of signal-processing algorithms that relies
increasingly on multirate techniques is filter banks for the analysis and/or processing of
signals.

Because of their widespread applicability, there is a large body of results on mul-
tirate signal processing techniques. In this section, we will focus on two basic results
and show how a combination of these results can greatly improve the efficiency of sam-
pling rate conversion. The first result is concerned with the interchange of filtering and
downsampling or upsampling operations. The second is the polyphase decomposition.
We shall also give two examples of how multirate techniques are used.

4.7.1 Interchange of Filtering with
Compressor/Expander

First, we will derive two identities that aid in manipulating and understanding the opera-
tion of multirate systems. Itis straightforward to show that the two systems in Figure 4.31
are equivalent. To see the equivalence, note that in Figure 4.31(b),

X p(e/®) = H(e/*M)X (¢/°), (4.98)
and from Eq. (4.77),
. 1 M-l ‘ .

Y(e]w) — M Z(; Xb(e](w/M—Zm/M))‘ (4.99)

M H(z) f—>

x[n] x,[n] y[n]

(a)
H(zM) ¢M —>
x[n] xp[n] y[n]

Figure 4.31 Two equivalent systems
(b) based on downsampling identities.
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— H(2) ‘L
x[n] x,[n] yln]
(a)
— {L H(zh)
x[n] xp[n] y[n]

Figure 4.32 Two equivalent systems
(b) based on upsampling identities.

Substituting Eq. (4.98) into Eq. (4.99) gives
| M1
joy j(w/M—2mi/M) j(w—2mi)
V)= Z(; X (e/ )YH (¢! ). (4.100)
Since H (e/(©@ =270y = H(e/®), Eq. (4.100) reduces to

M-1
Y(e/?) = H(eja))ﬁ § :X(e](w/M—an/M))
i=0

= H(e!) X 4(e/), (4.101)

which corresponds to Figure 4.31(a). Therefore, the systems in Figure 4.31(a) and 4.31(b)
are completely equivalent.

A similar identity applies to upsampling. Specifically, using Eq. (4.85) in Sec-
tion 4.6.2, it is also straightforward to show the equivalence of the two systems in Fig-
ure 4.32. We have, from Eq. (4.85) and Figure 4.32(a),

Y(e/®) = X 4(e/“F)

= X (e/*LYH (/*h). (4.102)
Since, from Eq. (4.85),
Xpe?) = X (/).
it follows that Eq. (4.102) is, equivalently,
Y(e/?) = H(e!"") X p(e!”),

which corresponds to Figure 4.32(b).
In summary, we have shown that the operations of linear filtering and downsam-
pling or upsampling can be interchanged if we modify the linear filter.

4.7.2 Multistage Decimation and Interpolation

When decimation or interpolation ratios are large, it is necessary to use filters with very
long impulse responses to achieve adequate approximations to the required lowpass
filters. In such cases, there can be significant reduction in computation through the use
of multistage decimation or interpolation. Figure 4.33(a) shows a two-stage decimation
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—»X[n] H,(z) VM, Hy(z) =y M, -
(a)
| il iy 1 r---------------l
ﬂ,i, H,(2) Hy(2M) _i_,i, 592 | M, : Xq[n]
(b)
Figure 4.33 Multistage decimation:
x[n] %,n] (a) Two-;j[agg decimation. system.
—>{ Hy(2)Hy(z") v MMy (b) Modification of (a) using
downsampling identity of Figure 4.31.
(c) (c) Equivalent one-stage decimation.

system where the overall decimation ratio is M = M;M,;. In this case, two lowpass
filters are required; Hj(z) corresponds to a lowpass filter with nominal cutoff frequency
w/M; and likewise, H»(z) has nominal cutoff frequency 7/M,. Note that for single-
stage decimation, the required nominal cutoff frequency would be 7/M = /(M1 M53),
which would be much smaller than that of either of the two filters. In Chapter 7 we will
see that narrowband filters generally require high-order system functions to achieve
sharp cutoff approximations to frequency-selective filter characteristics. Because of this
effect, the two-stage implementation is often much more efficient than a single-stage
implementation.

The single-stage system that is equivalent to Figure 4.33(a) can be derived using the
downsampling identity of Figure 4.31. Figure 4.33(b) shows the result of replacing the
system H,(z) and its preceding downsampler (by M) by the system H,(z"1) followed
by a downsampler by M. Figure 4.33(c) shows the result of combining the cascaded
linear systems and cascaded downsamplers into corresponding single-stage systems.
From this, we see that the system function of the equivalent single-stage lowpass filter
is the product

H(z) = Hi(2) Ko (™). (4.103)

This equation, which can be generalized to any number of stages if M has many factors,
is a useful representation of the overall effective frequency response of the two-stage
decimator. Since it explicitly shows the effects of the two filters, it can be used as an aid in
designing effective multistage decimators that minimize computation. (See Crochiere
and Rabiner, 1983, Vaidyanathan, 1993, and Bellanger, 2000.) The factorization in
Eq. (4.103) has also been used directly to design lowpass filters (Neuvo et al., 1984).
In this context, the filter with system function represented by Eq. (4.103) is called an
interpolated FIR filter. This is because the corresponding impulse response can be seen
to be the convolution of i[n] with the second impulse response expanded by M;i.e.,

hn] = hy[n] * Z ho[k18[n — kM. (4.104)
k=—00
The same multistage principles can be applied to interpolation, where, in this case,
the upsampling identity of Figure 4.32 is used to relate the two-stage interpolator to an
equivalent one-stage system. This is depicted in Figure 4.34.
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) b, H,(2) ‘L, H;(2) —ﬁ[n]
(a)
rc - - - === - ---- : r- - - - - s === " 1
ald : TLl > TLz : ’E Hy(z'2) Hy(z) 1—>: Jiln)
(b)
Figure 4.34 Multistage interpolation:
x[n] } L x;[n] (a) Two-stage interpolation system.
(LiL) H\(272)Hy(2) (b) Modification of (a) using upsampling
identity of Figure 4.32. (c) Equivalent
(© one-stage interpolation.

4.7.3 Polyphase Decompositions

The polyphase decomposition of a sequence is obtained by representing it as a super-
position of M subsequences, each consisting of every Mth value of successively delayed
versions of the sequence. When this decomposition is applied to a filter impulse re-
sponse, it can lead to efficient implementation structures for linear filters in several
contexts. Specifically, consider an impulse response k[n] that we decompose into M
subsequences hi[n] withk =0,1,..., M — 1 as follows:

| hln + k], n = integer multiple of M,

hin] = {O, otherwise. (4.105)

By successively delaying these subsequences, we can reconstruct the original impulse
response h[n];i.e.,

hin] = > hiln — k. (4.106)

This decomposition can be represented with the block diagram in Figure 4.35. If we
create a chain of advance elements at the input and a chain of delay elements at the
output, the block diagram in Figure 4.36 is equivalent to that of Figure 4.35. In the
decomposition in Figures 4.35 and 4.36, the sequences e [n] are

ex[n] = h[nM + k] = hi[nM] (4.107)

and are referred to in general as the polyphase components of k[n]. There are several
other ways to derive the polyphase components, and there are other ways to index them
for notational convenience (Bellanger, 2000 and Vaidyanathan, 1993), but the definition
in Eq. (4.107) is adequate for our purpose in this section.

Figures 4.35 and 4.36 are not realizations of the filter, but they show how the filter
can be decomposed into M parallel filters. We see this by noting that Figures 4.35 and
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il M LM
— 2 M tm z

hln+1] eyn] hy[n]

h[n] +: hn]

— 22 M tm 272

hin+2] e;[n] hy[n]
| | M-t ¢M ﬁM 7~ M=)

hln+M-1] ey _1ln] ha-1[n]

Figure 4.35 Polyphase decomposition of filter #[1] using components g [n].

M Am > m
hln] hin] egln] oln] \{/ h{n]
z 77!
hln+1] eqn] hy[n]
z 77!
YM tm
hin+2] eln] hy[n]
il il
z 7
hln+M-1] ey-1[nl hy-1[n]

Figure 4.36 Polyphase decomposition of filter [ 1] using components &y [n] with
chained delays.

4.36 show that, in the frequency or z-transform domain, the polyphase representation
corresponds to expressing H(z) as

M-1
H(z) =Y E@"z™* (4.108)
k=0

Equation (4.108) expresses the system function H(z) as a sum of delayed polyphase
component filters. For example, from Eq. (4.108), we obtain the filter structure shown
in Figure 4.37.
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E M
N - o)
Z
Ey(zM)
Ey(zM) . y[n]
™! Figure 4.37 Realization structure
E-1y(z") based on polyphase decomposition
( f h[n)
of h[n].

4.7.4 Polyphase Implementation of Decimation Filters

One of the important applications of the polyphase decomposition is in the implemen-
tation of filters whose output is then downsampled as indicated in Figure 4.38.

In the most straightforward implementation of Figure 4.38, the filter computes
an output sample at each value of n, but then only one of every M output samples is
retained. Intuitively, we might expect that it should be possible to obtain a more efficient
implementation, which does not compute the samples that are thrown away.

To obtain a more efficient implementation, we can exploit a polyphase decomposi-
tion of the filter. Specifically, suppose we express /[n] in polyphase form with polyphase
components

ex[n] = h[nM + k]. (4.109)
From Eq. (4.108),

M-1
H(z) =Y E@&"M:™* (4.110)
k=0

With this decomposition and the fact that downsampling commutes with addition, Fig-
ure 4.38 can be redrawn as shown in Figure 4.39. Applying the identity in Figure 4.31
to the system in Figure 4.39, we see that the latter then becomes the system shown in
Figure 4.40.

To illustrate the advantage of Figure 4.40 compared with Figure 4.38, suppose
that the input x[n] is clocked at a rate of one sample per unit time and that H(z) is an
N-point FIR filter. In the straightforward implementation of Figure 4.38, we require N
multiplications and (N — 1) additions per unit time. In the system of Figure 4.40, each
of the filters E4(z) is of length N/M, and their inputs are clocked at a rate of 1 per M
units of time. Consequently, each filter requires % (%) multiplications per unit time and

% (% — 1) additions per unit time. Since there are M polyphase components, the entire
system therefore requires (N /M) multiplications and (% - 1) + (M — 1) additions per
unit time. Thus, we can achieve a significant savings for some values of M and N.

> H(z) - |\M p——
x([n] y[n] wln]=y[nM]  Figure 4.38 Decimation system.

IPR2023-01014
Nielsen Company EX2014 Page 50



200

Chapter 4 Sampling of Gontinuous-Time Signals

Eo(zM) ¢ M
x[n] i
Z
Ey(z) VM
-1
Z
4 >_,
EZ(ZM) ¢M } w[n]
27! Figure 4.39 Implementation of
Eq-1(2") M decimation filter using polyphase
decomposition.
M Ey(z)
x[n] o
Z
M > Ei(2)
+
%M > Ey(z) wn]
[ . Figure 4.40 Implementation of
< decimation filter after applying the
M Ey-1)(2) downsampling identity to the polyphase
decomposition.

4.7.5 Polyphase Implementation of Interpolation Filters

A savings similar to that just discussed for decimation can be achieved by applying the
polyphase decomposition to systems in which a filter is preceded by an upsampler as
shown in Figure 4.41. Since only every Lth sample of w[n] is nonzero, the most straight-
forward implementation of Figure 4.41 would involve multiplying filter coefficients by
sequence values that are known to be zero. Intuitively, here again we would expect that
a more efficient implementation was possible.

To implement the system in Figure 4.41 more efficiently, we again utilize the
polyphase decomposition of H(z). For example, we can express H(z) as in the form
of Eq. (4.110) and represent Figure 4.41 as shown in Figure 4.42. Applying the identity
in Figure 4.32, we can rearrange Figure 4.42 as shown in Figure 4.43.

To illustrate the advantage of Figure 4.43 compared with Figure 4.41, we note
that in Figure 4.41 if x[n] is clocked at a rate of one sample per unit time, then w([n] is
clocked at a rate of L samples per unit time. If H(z) is an FIR filter of length N, we then

ﬁL H(z) f—>
x[n] win] y[n]  Figure 4.41 Interpolation system.
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‘L Eo(z")
tL Eqy(zh)
x[n] L Ey(z")
} z Figure 4.42 Implementation of
L Eq 1 (") interpolation filter using polyphase
decomposition.
Ey(2)
Eq(2)
x[n] Ex(z)
Figure 4.43 Implementation of
interpolation filter after applying the
Eq_1)(2) upsampling identity to the polyphase
decomposition.

require N L multiplications and (NL — 1) additions per unit time. Figure 4.43, on the
other hand, requires L (N /L) multiplications and L ( % — 1) additions per unit time for
the set of polyphase filters, plus (L — 1) additions, to obtain y[n]. Thus, we again have
the possibility of significant savings in computation for some values of L and N.

For both decimation and interpolation, gains in computational efficiency result
from rearranging the operations so that the filtering is done at the low sampling rate.
Combinations of interpolation and decimation systems for noninteger rate changes lead

to significant savings when high intermediate rates are required.

4.7.6 Multirate Filter Banks

Polyphase structures for decimation and interpolation are widely used in filter banks
for analysis and synthesis of audio and speech signals. For example, Figure 4.44 shows
the block diagram of a two-channel analysis and synthesis filter bank commonly used
in speech coding applications. The purpose of the analysis part of the system is to
split the frequency spectrum of the input x[n] into a lowpass band represented by the
downsampled signal vo[n] and a highpass band represented by v [n]. In speech and audio
coding applications, the channel signals are quantized for transmission and/or storage.
Since the original band is nominally split into two equal parts of width /2 radians, the
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voln] yoln]
ho[n] Yo - T 2 goln] ‘

hy[n] Yo o TZ &in]

analysis synthesis

Figure 4.44 Two-channel analysis and synthesis filter bank.

sampling rates of the filter outputs can be 1/2 that of the input so that the total number
of samples per second remains the same.! Note that downsampling the output of the
lowpass filter expands the low-frequency band to the entire range |w| < 7. On the other
hand, downsampling the output of the highpass filter down-shifts the high-frequency
band and expands it to the full range || < 7.

The decomposition requires that hg[r] and k1[n] be impulse responses of lowpass
and highpass filters respectively. A common approach is to derive the highpass filter from
the lowpass filter by h1[n] = e/™"ho[n]. This implies that H; (/) = Hy(e/@~™)) so that
if Hy(e/®) is a lowpass filter with nominal passband 0 < |w| < /2, then Hj(e/®) will be
a highpass filter with nominal passband 7/2 < |w| < 7. The purpose of the righthand
(synthesis) part of Figure 4.44 is to reconstitute an approximation to x[n] from the two
channel signals vg[n] and vy [n]. This is achieved by upsampling both signals and passing
them through a lowpass filter gg[n] and highpass filter g1[n] respectively. The resulting
interpolated signals are added to produce the full-band output signal y[n] sampled at
the input sampling rate.

Applying the frequency-domain results for downsampling and upsampling to the
system in Figure 4.44 leads to the following result:

Y (/) = % [Go(ejw)Ho(ejw) +G1(e/*)H (ef'%] X () (4.111a)
+% [ Gote/) Ho(e! =)

+G1 (T Hi (e T | X (¢! 7). (4.111b)

Ifthe analysis and synthesis filters are ideal so that they exactly splitthe band 0 < |w| < 7
into two equal segments without overlapping, then it is straightforward to verify that
Y(e/?) = X(e/?); i.e., the synthesis filter bank reconstructs the input signal exactly.
However, perfect or nearly perfect reconstruction also can be achieved with nonideal
filters for which aliasing will occur in the downsampling operations of the analysis filter
bank. To see this, note that the second term in the expression for Y (e/“) (line labeled
Eq. (4.111b)), which represents potential aliasing distortion from the downsampling
operation, can be eliminated by choosing the filters such that

Go(e/®)Hy(e! ™) + G (e/®)Hy (¢! ™) = 0. (4.112)

LFilter banks that conserve the total number of samples per second are termed maximally decimated
filter banks.
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This condition is called the alias cancellation condition. One set of conditions that satisfy
Eq. (4.112) is

hiln] = /™ ho[n] < Hy(e!®) = Hy(e! @) (4.113a)
goln] = 2hg[n] <= Go(e/®) = 2Hy(e’®) (4.113b)
g1ln] = —2hi[n] & G1(e/?) = —2Hy(e!@™). (4.113¢)

The filters ho[n] and hy[n] are termed quadrature mirror filters since Eq. (4.113a) imposes
mirror symmetry about w = /2. Substituting these relations into Eq. (4.111a) leads to
the relation

Y(el?) = [H3 (/) — H (e @) X (1), (4.114)

from which it follows that perfect reconstruction (with possible delay of M samples)
requires

HS(e/?) — Hi(e?@7M)) = ¢7IoM, (4.115)
It can be shown (Vaidyanathan, 1993) that the only computationally realizable filters
satisfying Eq. (4.115) exactly are systems with impulse responses of the form hg[n] =
cod[n — 2np] + c18[n — 2n1 — 1] where ng and nq are arbitrarily chosen integers and
cocl = %. Such systems cannot provide the sharp frequency selective properties needed
in speech and audio coding applications, but to illustrate that such systems can achieve
exact reconstruction, consider the simple two-point moving average lowpass filter

1
ho[n] = E(B[n] +8[n — 1)), (4.116a)
which has frequency response
Hy(e!®) = cos(w/2)e 1/, (4.116b)
For this filter, Y (e/®) = e~/ X (e/®) as can be verified by substituting Eq. (4.116b) into

Eq. (4.114).

Either FIR or IIR filters can be used in the analysis/synthesis system of Figure 4.44
with the filters related as in Eq. (4.113a)—(4.113c¢) to provide nearly perfect reconstruc-
tion. The design of such filters is based on finding a design for Hy(e/®) that is an accept-
able lowpass filter approximation while satisfying Eq. (4.115) to within an acceptable
approximation error. A set of such filters and an algorithm for their design was given
by Johnston (1980). Smith and Barnwell (1984) and Mintzer (1985) showed that perfect
reconstruction is possible with the two-channel filter bank of Figure 4.44 if the filters
have a different relationship to one another than is specified by Eq. (4.113a)—(4.113c).
The different relationship leads to filters called conjugate quadrature filters (CQF).

Polyphase techniques can be employed to save computation in the implementation
of the analysis/synthesis system of Figure 4.44. Applying the polyphase downsampling
result depicted in Figure 4.40 to the two channels leads to the block diagram in Fig-
ure 4.45(a), where

eooln] = ho[2n] (4.117a)
eo1[n] = hol2n +1] (4.117b)
eoln] = h1[2n] = e/* " ho[2n] = eqo[n] (4.117¢)
ennn] = hi[2n + 1] = /¥ ho[2n + 1] = —epy[n]. (4.1174)
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x[n] ¢ 2 egoln] volr]
Z—l
* 2 eo1[n]
¢ 2 eqo[n] ]
Z—l
12 eqy[n]
(a)
xlz] > *2 egoln] 5 @ yol]
+
Y
+
2 eqi[n] >(+) iln] Figure 4.45 Polyphase representation
of the two-channel analysis filter bank of
(b) Figure 4.44.

Equations (4.117c) and (4.117d) show that the polyphase filters for /1[n] are the same
(except for sign) as those for hg[n]. Therefore, only one set, egg[n] and egi[n] need be
implemented. Figure 4.45(b) shows how both vy[n] and v{[r] can be formed from the
outputs of the two polyphase filters. This equivalent structure, which requires only half
the computation of Figure 4.45(a), is, of course, owing entirely to the simple relation
between the two filters.

The polyphase technique can likewise be applied to the synthesis filter bank, by
recognizing that the two interpolators can be replaced by their polyphase implementa-
tions and then the polyphase structures can be combined because gi[n] = —eJmn goln] =
—e/™2h[n]. The resulting polyphase synthesis system can be represented in terms of
the polyphase filters fooln] = 2eqo[n] and fy1[n] = 2ep1[n] as in Figure 4.46. As in the
case of the analysis filter bank, the synthesis polyphase filters can be shared between
the two channels thereby halving the computation.

x[n] X voln] n
l 2 egoln] @ - @ Jooln] T 2
+ —
7!
+ vi[n] +
{2 eqiln] >(D—>--- =(D—>fuil"] )

Figure 4.46 Polyphase representation of the two-channel analysis and synthesis filter bank
of Figure 4.44.
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This two-band analysis/synthesis system can be generalized to N equal width chan-
nels to obtain a finer decomposition of the spectrum. Such systems are used in audio
coding, where they facilitate exploitation of the characteristics of human auditory per-
ception in compression of the digital information rate. (See MPEG audio coding stan-
dard and Spanias, Painter, and Atti, 2007.) Also, the two-band system can be incorpo-
rated into a tree structure to obtain an analysis/synthesis system with either uniformly
or nonuniformly spaced channels. When the CQF filters of Smith and Barnwell, and
Mintzer are used, exact reconstruction is possible, and the resulting analysis synthe-
sis system is essentially the discrete wavelet transform. (See Vaidyanathan, 1993 and
Burrus, Gopinath and Guo, 1997.)

4.8 DIGITAL PROCESSING OF ANALOG SIGNALS

So far, our discussions of the representation of continuous-time signals by discrete-time
signals have focused on idealized models of periodic sampling and bandlimited interpo-
lation. We have formalized those discussions in terms of an idealized sampling system
that we have called the ideal continuous-to-discrete (C/D) converter and an idealized
bandlimited interpolator system called the ideal discrete-to-continuous (D/C) converter.
These idealized conversion systems allow us to concentrate on the essential mathemati-
cal details of the relationship between a bandlimited signal and its samples. For example,
in Section 4.4 we used the idealized C/D and D/C conversion systems to show that LTI
discrete-time systems can be used in the configuration of Figure 4.47(a) to implement
LTI continuous-time systems if the input is bandlimited and the sampling rate is at or
above the Nyquist rate. In a practical setting, continuous-time signals are not precisely
bandlimited, ideal filters cannot be realized, and the ideal C/D and D/C converters can
only be approximated by devices that are called analog-to-digital (A/D) and digital-
to-analog (D/A) converters, respectively. The block diagram of Figure 4.47(b) shows a

/D Discrete-time D/C

% (1) x[a] | S yn 0

~N —>
~ =

(a)
Anti- Sample A/D Discrete-time D/A Compensated
aliasing and converter [ system ~ converter reconstruction —
xe(r) [ filter fx,(r) [ hold [ x() x[n] y[n] Ypa(1) filter y:(0)
H,,(jQ) ) ) ? H,(jQ)
T T T
(b)

Figure 4.47 (a) Discrete-time filtering of continuous-time signals. (b) Digital processing of
analog signals.
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more realistic model for digital processing of continuous-time (analog) signals. In this
section, we will examine some of the considerations introduced by each of the compo-
nents of the system in Figure 4.47(b).

4.8.1 Prefiltering to Avoid Aliasing

In processing analog signals using discrete-time systems, it is generally desirable to
minimize the sampling rate. Thisis because the amount of arithmetic processing required
to implement the system is proportional to the number of samples to be processed.
If the input is not bandlimited or if the Nyquist frequency of the input is too high,
prefiltering may be necessary. An example of such a situation occurs in processing speech
signals, where often only the low-frequency band up to about 3 to 4 kHz is required for
intelligibility, even though the speech signal may have significant frequency content in
the 4 kHz to 20 kHz range. Also, even if the signal is naturally bandlimited, wideband
additive noise may fill in the higher frequency range, and as a result of sampling, these
noise components would be aliased into the low-frequency band. If we wish to avoid
aliasing, the input signal must be forced to be bandlimited to frequencies below one-half
the desired sampling rate. This can be accomplished by lowpass filtering the continuous-
time signal prior to C/D conversion, as shown in Figure 4.48. In this context, the lowpass
filter that precedes the C/D converter is called an antialiasing filter. Ideally, the frequency
response of the antialiasing filter would be

. 1, |2 Q. <nm/T,
Haa(]Q)Z{O :Qiiﬂ / (4.118)

From the discussion of Section 4.4.1, it follows that the overall system, from the output
of the antialiasing filter x,(¢) to the output y,(¢), will always behave as an LTT system,
since the input to the C/D converter, x,(¢), is forced by the antialiasing filter to be
bandlimited to frequencies below 7/ T radians/s. Thus, the overall effective frequency
response of Figure 4.48 will be the product of H,,(j<2) and the effective frequency
response from x, () to y,(f). Combining Eqs. (4.118) and (4.38) gives

. H(EST), 19| < Q,
Heff(JQ)={0(e ) :Qligc (4.119)

Thus, for an ideal lowpass antialiasing filter, the system of Figure 4.48 behaves as an LTI
system with frequency response given by Eq. (4.119), even when X .(j) is not ban-
dlimited. In practice, the frequency response Ha4(j<2) cannot be ideally bandlimited,
but H,,(j<2) can be made small for |©2] > 7/ T so that aliasing is minimized. In this case,
the overall frequency response of the system in Figure 4.48 should be approximately

Hegr(jQ) &~ Haa(jQ)H (e/97). (4.120)

To achieve a negligibly small frequency response above 7 /T, it would be necessary
for H,,(j2) to begin to “roll off,” i.e., begin to introduce attenuation, at frequencies
below /T, Eq. (4.120) suggests that the roll-off of the antialiasing filter (and other
LTI distortions to be discussed later) could be at least partially compensated for by
taking them into account in the design of the discrete-time system. This is illustrated in
Problem 4.62.
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Hél'd (./Q)

-]
~N —

Figure 4.48 Use of prefiltering to avoid aliasing.

Sampling rate reduction by M
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| |
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¢ ilter a T : cutoff = 7#/M | a
| |

Figure 4.49 Using oversampled A/D conversion to simplify a continuous-time
antialiasing filter.

The preceding discussion requires sharp-cutoff antialiasing filters. Such sharp-
cutoff analog filters can be realized using active networks and integrated circuits. How-
ever, in applications involving powerful, but inexpensive, digital processors, these contin-
uous-time filters may account for a major part of the cost of a system for discrete-time
processing of analog signals. Sharp-cutoff filters are difficult and expensive to imple-
ment, and if the system is to operate with a variable sampling rate, adjustable filters
would be required. Furthermore, sharp-cutoff analog filters generally have a highly
nonlinear phase response, particularly at the passband edge. Thus, it is desirable for
several reasons to eliminate the continuous-time filters or simplify the requirements on
them.

One approach is depicted in Figure 4.49. With Qy denoting the highest frequency
component to eventually be retained after the antialiasing filtering is completed, we first
apply a very simple antialiasing filter that has a gradual cutoff with significant atten-
uation at MQy. Next, implement the C/D conversion at a sampling rate much higher
than 2Qy, e.g., at 2M Q. After that, sampling rate reduction by a factor of M that
includes sharp antialiasing filtering is implemented in the discrete-time domain. Subse-
quent discrete-time processing can then be done at the low sampling rate to minimize
computation.

This use of oversampling followed by sampling rate conversion is illustrated in
Figure 4.50. Figure 4.50(a) shows the Fourier transform of a signal that occupies the
band |2| < Qu, plus the Fourier transform of what might correspond to high-frequency
“noise” or unwanted components that we eventually want to eliminate with the an-
tialiasing filter. Also shown (dotted line) is the frequency response of an antialiasing
filter that does not cut off sharply but gradually falls to zero at frequencies above the
frequency Q. Figure 4.50(b) shows the Fourier transform of the output of this filter. If
the signal x,(¢) is sampled with period T such that 27 /T — ©,) > Qu, then the DTFT
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X.(jOY) Simple anti-

aliasing filter
PP IS High-frequency
-7 1 S~ noise
_~—" Signal >~ /

‘ — = — — ‘

-Q, -Qn Qy Q. Q
(a)
X, ()
Signal Filtered
noise

\ |

-Q, -Qn Qy Q. Q

2 - T 27 w=0T,
(d)

Figure 4.50 Use of oversampling followed by decimation in C/D conversion.

of the sequence %[n] will be as shown in Figure 4.50(c). Note that the “noise” will be
aliased, but aliasing will not affect the signal band || < wy = QnT. Now, if T and Ty
are chosen so that Ty = MT and =/ T; = Qn, then X[n] can be filtered by a sharp-cutoff
discrete-time filter (shown idealized in Figure 4.50(c)) with unity gain and cutoff fre-
quency /M. The output of the discrete-time filter can be downsampled by M to obtain
the sampled sequence x;[n] whose Fourier transform is shown in Figure 4.50(d). Thus,
all the sharp-cutoff filtering has been done by a discrete-time system, and only nominal
continuous-time filtering is required. Since discrete-time FIR filters can have an exactly
linear phase, it is possible using this oversampling approach to implement antialiasing
filtering with virtually no phase distortion. This can be a significant advantage in situa-
tions where it is critical to preserve not only the frequency spectrum, but the waveshape
as well.
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—>| and A/Dt —
x,(t) |_hold | xo(0) | “O™E %40n)
7 7 Figure 4.51 Physical configuration for
r T A/D conversion.

4.8.2 A/D Conversion

An ideal C/D converter converts a continuous-time signal into a discrete-time signal,
where each sample is known with infinite precision. As an approximation to this for
digital signal processing, the system of Figure 4.51 converts a continuous-time (analog)
signal into a digital signal, i.e., a sequence of finite-precision or quantized samples.
The two systems in Figure 4.51 are available as physical devices. The A/D converter is a
physical device that converts a voltage or current amplitude atits inputinto a binary code
representing a quantized amplitude value closest to the amplitude of the input. Under
the control of an external clock, the A/D converter can be caused to start and complete
an A/D conversion every T seconds. However, the conversion is not instantaneous, and
for this reason, a high-performance A/D system typically includes a sample-and-hold,
as in Figure 4.51. The ideal sample-and-hold system is the system whose output is

o0

xo(t) =Y x[nlho(t —nT), (4.121)

n=—0oo

where x[n] = x,(nT ) are the ideal samples of x,(#) and h(¢) is the impulse response
of the zero-order-hold system, i.e.,

1, O0<t<T,
ho(t) = {0, otherwise. (4122)
If we note that Eq. (4.121) has the equivalent form
o
xo(t) =ho(t) % Y xa(nT)8(t —nT), (4.123)
n=—o00

we see that the ideal sample-and-hold is equivalent to impulse train modulation followed
by linear filtering with the zero-order-hold system, as depicted in Figure 4.52(a). The
relationship between the Fourier transform of x((¢) and the Fourier transform of x,(¢)
can be worked out following the style of analysis of Section 4.2, and we will do a similar
analysis when we discuss the D/A converter. However, the analysis is unnecessary at
this point, since everything we need to know about the behavior of the system can
be seen from the time-domain expression. Specifically, the output of the zero-order
hold is a staircase waveform where the sample values are held constant during the
sampling period of T seconds. This is illustrated in Figure 4.52(b). Physical sample-and-
hold circuits are designed to sample x,(¢) as nearly instantaneously as possible and to
hold the sample value as nearly constant as possible until the next sample is taken.
The purpose of this is to provide the constant input voltage (or current) required by
the A/D converter. The details of the wide variety of A/D conversion processes and
the details of sample-and-hold and A/D circuit implementations are outside the scope
of this book. Many practical issues arise in obtaining a sample-and-hold that samples
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Sample and hold
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%, (1) N0 |

3T 2T _T 0 N 37 ¢ Figure 4.52 (a) Representation
of an ideal sample-and-hold.

(b) Representative input and output
(b) signals for the sample-and-hold.

quickly and holds the sample value constant with no decay or “glitches.” Likewise,
many practical concerns dictate the speed and accuracy of conversion of A/D converter
circuits. Such questions are considered in Hnatek (1988) and Schmid (1976), and details
of the performance of specific products are available in manufacturers’ specification
and data sheets. Our concern in this section is the analysis of the quantization effects in
A/D conversion.

Since the purpose of the sample-and-hold in Figure 4.51 is to implement ideal
sampling and to hold the sample value for quantization by the A/D converter, we can
represent the system of Figure 4.51 by the system of Figure 4.53, where the ideal C/D
converter represents the sampling performed by the sample-and-hold and, as we will
describe later, the quantizer and coder together represent the operation of the A/D
converter.

The quantizer is a nonlinear system whose purpose is to transform the input sample
x[n] into one of a finite set of prescribed values. We represent this operation as

X[n] = 0(x[n)) (4.124)
—> (/D > Quantizer —> Coder —>
x,4(1) x[n] x[n] xp[n]
T Figure 4.53 Conceptual representation
T of the system in Figure 4.51.
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Two’s-complement Offset binary
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—4A — 100 000
| ox |

Figure 4.54 Typical quantizer for A/D conversion.

and refer to x[n] as the quantized sample. Quantizers can be defined with either uni-
formly or nonuniformly spaced quantization levels; however, when numerical calcula-
tions are to be done on the samples, the quantization steps usually are uniform. Figure
4.54 shows a typical uniform quantizer characteristic,? in which the sample values are
rounded to the nearest quantization level.

Several features of Figure 4.54 should be emphasized. First, note that this quan-
tizer would be appropriate for a signal whose samples are both positive and negative
(bipolar). If it is known that the input samples are always positive (or negative), then
a different distribution of the quantization levels would be appropriate. Next, observe
that the quantizer of Figure 4.54 has an even number of quantization levels. With an
even number of levels, it is not possible to have a quantization level at zero amplitude
and also have an equal number of positive and negative quantization levels. Generally,
the number of quantization levels will be a power of two, but the number will be much
greater than eight, so this difference is usually inconsequential.

Figure 4.54 also depicts coding of the quantization levels. Since there are eight
quantization levels, we can label them by a binary code of 3 bits. (In general, 25+ levels
can be coded with a (B + 1)-bit binary code.) In principle, any assignment of symbols

2Such quantizers are also called /inear quantizers because of the linear progression of quantization
steps.
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can be used, and many binary coding schemes exist, each with its own advantages and
disadvantages, depending on the application. For example, the right-hand column of
binary numbers in Figure 4.54 illustrates the offset binary coding scheme, in which the
binary symbols are assigned in numeric order, starting with the most negative quantiza-
tion level. However, in digital signal processing, we generally wish to use a binary code
that permits us to do arithmetic directly with the code words as scaled representations
of the quantized samples.

The left-hand column in Figure 4.54 shows an assignment according to the two’s
complement binary number system. This system for representing signed numbers is
used in most computers and microprocessors; thus, it is perhaps the most convenient
labeling of the quantization levels. Note, incidentally, that the offset binary code can be
converted to two’s-complement code simply by complementing the most significant bit.

In the two’s-complement system, the leftmost, or most significant, bit is considered
as the sign bit, and we take the remaining bits as representing either binary integers
or fractions. We will assume the latter; i.e., we assume a binary fraction point between
the two most significant bits. Then, for the two’s-complement interpretation, the binary
symbols have the following meaning for B = 2:

Binary symbol  Numeric value, ig

0011 3/4
0510 172
0,0 1 1/4
0,00 0

1o11 —1/4
1,10 ~1/2
1,01 —3/4
1,00 -1

In general, if we have a (B + 1)-bit binary two’s-complement fraction of the form
apealaz . ..ag,
then its value is
—ap2’ + a2V + a2 2+ + a2 8.

Note that the symbol ¢ denotes the “binary point” of the number. The relationship
between the code words and the quantized signal levels depends on the parameter X,
in Figure 4.54. This parameter determines the full-scale level of the A/D converter.
From Figure 4.54, we see that the step size of the quantizer would in general be

2Xm X

The smallest quantization levels (+A) correspond to the least significant bit of the
binary code word. Furthermore, the numeric relationship between the code words and
the quantized samples is

&[n] = X miplnl, (4.126)

since we have assumed that £ p[n]is a binary number such that —1 < p[n] < 1 (for two’s
complement). In this scheme, the binary coded samples % z[n] are directly proportional
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Figure 4.55 Sampling, quantization, coding, and D/A conversion with a 3-bit quantizer.

to the quantized samples (in two’s-complement binary); therefore, they can be used
as a numeric representation of the amplitude of the samples. Indeed, it is generally
appropriate to assume that the input signal is normalized, so that the numeric values of
X[n] and Xp[n] are identical and there is no need to distinguish between the quantized
samples and the binary coded samples.

Figure 4.55 shows a simple example of quantization and coding of the samples of
a sine wave using a 3-bit quantizer. The unquantized samples x[n] are illustrated with
solid dots, and the quantized samples X[#] are illustrated with open circles. Also shown
is the output of an ideal sample-and-hold. The dotted lines labeled “output of D/A
converter” will be discussed later. Figure 4.55 shows, in addition, the 3-bit code words
that represent each sample. Note that, since the analog input x,(¢) exceeds the full-scale
value of the quantizer, some of the positive samples are “clipped.”

Although much of the preceding discussion pertains to two’s-complement cod-
ing of the quantization levels, the basic principles of quantization and coding in A/D
conversion are the same regardless of the binary code used to represent the samples.
A more detailed discussion of the binary arithmetic systems used in digital computing
can be found in texts on computer arithmetic. (See, for example, Knuth, 1998.) We now
turn to an analysis of the effects of quantization. Since this analysis does not depend on
the assignment of binary code words, it will lead to rather general conclusions.
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Quantizer
x[n] 20 i) = 0@x[n))
)
x[n] T}?[n]:x[n]+e[n]
Figure 4.56 Additive noise model for
e[n] quantizer.

4.8.3 Analysis of Quantization Errors

From Figures 4.54 and 4.55, we see that the quantized sample X [r] will generally be dif-
ferent from the true sample value x[n]. The difference between them is the quantization
error, defined as

e[n] = X[n] — x[n]. (4.127)

For example, for the 3-bit quantizer of Figure 4.54,if A /2 < x[n] < 3A/2,thenx[n] = A,
and it follows that

—A/2 <e[n] < AJ2. (4.128)
In the case of Figure 4.54, Eq. (4.128) holds whenever
—9A /2 < x[n] < TA/2. (4.129)

In the general case of a (B + 1)-bit quantizer with A given by Eq. (4.125), the quanti-
zation error satisfies Eq. (4.128) whenever

(=X m—AJ2) < x[n] < (X — A)2). (4.130)

If x[n] is outside this range, as it is for the sample at + = 0 in Figure 4.55, then the
quantization error may be larger in magnitude than A /2, and such samples are said to
be clipped, and the quantizer is said to be overloaded.

A simplified, but useful, model of the quantizer is depicted in Figure 4.56. In this
model, the quantization error samples are thought of as an additive noise signal. The
model is exactly equivalent to the quantizer if we know e[r]. In most cases, however,
e[n] is not known, and a statistical model based on Figure 4.56 is then often useful in
representing the effects of quantization. We will also use such a model in Chapters 6 and
9 to describe the effects of quantization in signal-processing algorithms. The statistical
representation of quantization errors is based on the following assumptions:

1. The error sequence e[n] is a sample sequence of a stationary random process.
2. The error sequence is uncorrelated with the sequence x[n].>

3. The random variables of the error process are uncorrelated; i.e., the error is a
white-noise process.

4. The probability distribution of the error process is uniform over the range of
quantization error.

3This does not, of course, imply statistical independence, since the error is directly determined by the
input signal.

IPR2023-01014
Nielsen Company EX2014 Page 65



Section 4.8 Digital Processing of Analog Signals 215

As we will see, the preceding assumptions lead to a rather simple, but effective,
analysis of quantization effects that can yield useful predictions of system performance.
It is easy to find situations where these assumptions are not valid. For example, if x, (¢)
is a step function, the assumptions would not be justified. However, when the signal
is a complicated signal, such as speech or music, where the signal fluctuates rapidly in
a somewhat unpredictable manner, the assumptions are more realistic. Experimental
measurements and theoretical analyses for random signal inputs have shown that, when
the quantization step size (and therefore the error) is small and when the signal varies
in a complicated manner, the measured correlation between the signal and the quanti-
zation error decreases, and the error samples also become uncorrelated. (See Bennett,
1948; Widrow, 1956, 1961; Sripad and Snyder, 1977; and Widrow and Kollar, 2008.) In
a heuristic sense, the assumptions of the statistical model appear to be valid when the
quantizer is not overloaded and when the signal is sufficiently complex, and the quanti-
zation steps are sufficiently small, so that the amplitude of the signal is likely to traverse
many quantization steps from sample to sample.

Example 4.10 Quantization Error for a Sinusoidal Signal

As an illustration, Figure 4.57(a) shows the sequence of unquantized samples of the
cosine signal x[n] = 0.99 cos(n/10). Figure 4.57(b) shows the quantized sample se-
quence x[n] = Q{x[n]} for a 3-bit quantizer (B + 1 = 3), assuming that X,, = 1. The
dashed lines in this figure show the eight possible quantization levels. Figures 4.57(c)
and 4.57(d) show the quantization error e[n] = %[n] — x[n] for 3- and 8-bit quantiza-
tion, respectively. In each case, the scale of the quantization error is adjusted so that
the range +A /2 is indicated by the dashed lines.

Notice that in the 3-bit case, the error signal is highly correlated with the un-
quantized signal. For example, around the positive and negative peaks of the cosine,
the quantized signal remains constant over many consecutive samples, so that the error
has the shape of the input sequence during these intervals. Also, note that during the
intervals around the positive peaks, the error is greater than A /2 in magnitude because
the signal level is too large for this setting of the quantizer parameters. On the other
hand, the quantization error for 8-bit quantization has no apparent patterns.* Visual
inspection of these figures supports the preceding assertions about the quantization-
noise properties in the finely quantized (8-bit) case; i.e., the error samples appear to
vary randomly, with no apparent correlation with the unquantized signal, and they
range between —A /2 and +A /2.

0 Mﬂﬂhﬁq ‘.rﬂﬂm mTh., . .rTTnm mTTr o
e R gl

0 50 100 150 n
(a)

Figure 4.57 Example of quantization noise. (a) Unquantized samples of the signal
x[n] = 0.99 cos(n/10).

4For periodic cosine signals, the quantization error would, of course, be periodic, too; and therefore,
its power spectrum would be concentrated at multiples of the frequency of the input signal. We used the
frequency wy = 1/10 to avoid this case in the example.
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0 50 100 150 n
(d)

Figure 4.57 (continued) (b) Quantized samples of the cosine waveform in part
(a) with a 3-bit quantizer. (c) Quantization error sequence for 3-bit quantization of
the signal in (a). (d) Quantization error sequence for 8-bit quantization of the signal
in (a).

For quantizers that round the sample value to the nearest quantization level, as
shown in Figure 4.54, the amplitude of the quantization noise is in the range

—A/2 <e[n] < AJ2. (4.131)

For small A, it is reasonable to assume that ¢[n] is a random variable uniformly dis-
tributed from —A /2 to A /2. Therefore, the 13t-order probability density assumed for
the quantization noise is as shown in Figure 4.58. (If truncation rather than rounding
is used in implementing quantization, then the error would always be negative, and we
would assume a uniform probability density from —A to 0.) To complete the statistical
model for the quantization noise, we assume that successive noise samples are uncor-
related with each other and that e[n] is uncorrelated with x[n]. Thus, e[n] is assumed to
be a uniformly distributed white-noise sequence. The mean value of ¢[n] is zero, and its

Pe,(€)
1
A A=27Bx,
Figure 4.58 Probability density
function of quantization error for a
_% % ¢ rounding quantizer such as that of

Figure 4.54.

IPR2023-01014
Nielsen Company EX2014 Page 67



Section 4.8 Digital Processing of Analog Signals 217

variance is
A/2 1 AZ
02 = / & —de=—. (4.132)

For a (B + 1)-bit quantizer with full-scale value X ,,, the noise variance, or power, is
2By 2
ol = 27 X .
¢ 12
Equation (4.133) completes the white-noise model of quantization noise since the au-

tocorrelation function would be ¢,.[m] = ofé[m] and the corresponding power density
spectrum would be

(4.133)

jo 2 2_2BXn21
Pee(e ) =0, = T |C()| <. (4134)

Example 4.11 Measurements of Quantization Noise

To confirm and illustrate the validity of the model for quantization noise, consider again
quantization of the signal x[n] = .99 cos(n/10) which can be computed with 64-bit
floating-point precisions (for all practical purposes unquantized) and then quantized
to B + 1 bits. The quantization noise sequence can also be computed since we know
both the input and the output of the quantizer. An amplitude histogram, which gives a
count of the number of samples lying in each of a set of contiguous amplitude intervals
or “bins,” is often used as an estimate of the probability distribution of a random signal.
Figure 4.59 shows histograms of the quantization noise for 16- and 8-bit quantization

Histograms for Quantization Noise Samples
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X 107
e
1500 . . ; ; : :
B B+1 =8
5 1000 ¢ .
fa]
=
=
Z 500 H .
0
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Figure 4.59 Histograms of quantization noise for (a) 8 + 1 = 16 and
(b) B+1=28.
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with X, = 1. Since the total number of samples was 101000, and the number of bins was
101, we should expect approximately 1000 samples in each bin if the noise is uniformly
distributed. Furthermore the total range of samples should be +1 /216 =153 x 107
for 16-bit quantization and £1 /28 =3.9x 1073 for 8-bit quantization. The histograms
of Figure 4.59 are consistent with these values, although the 8-bit case shows some
obvious deviation from the uniform distribution.

In Chapter 10, we show how to calculate estimates of the power density spectrum.
Figure 4.60 shows such spectrum estimates for quantization noise signals where B+1 =
16,12, 8, and 4 bits. Observe that in this example, when the number of bits is 8 or
greater, the spectrum is quite flat over the entire frequency range 0 < w < 7, and the
spectrum level (in dB) is quite close to the value

101og;o(Pee(e/®)) = 1010g, ( ) = —(10.79 + 6.02B),

1
12(22B)
which is predicted by the white-noise uniform-distribution model. Note that the curves
for B =7,11, and 15 differ at all frequencies by about 24 dB. Observe, however, that
when B + 1 = 4, the model fails to predict the shape of the power spectrum of the
noise.

Power Spectra for Uniform Quantizers

~70 ]
B=11
_80 | g ]
—90 F _
~100 k& s .
~110 L L L L
0 0.2 0.4 0.6 0.8 1

wlr

Figure 4.60 Spectra of quantization noise for several values of 5.

This example demonstrates that the assumed model for quantization noise is use-
ful in predicting the performance of uniform quantizers. A common measure of the
amount of degradation of a signal by additive noise in general and quantization noise
in particular is the signal-to-noise ratio (SNR), defined as the ratio of signal variance
(power) to noise variance. Expressed in dB, the signal-to-quantization-noise ratio of a
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(B 4+ 1)-bit uniform quantizer is

2 12 .22B 52
SNR, = 10log;, (-}‘2) = 10log,, (Ta’f

e m

Q

Q

(4.135)

X
= 6.02B + 10.8 — 201og; ( m) .
Ox
From Eq. (4.135), we see that the SNR increases approximately 6 dB for each bit added
to the word length of the quantized samples, i.e., for each doubling of the number of
quantization levels. It is important to consider the term

X
—201og, ( ’") (4.136)

Ox

in Eq. (4.135). First, recall that X ,, is a parameter of the quantizer, and it would usually
be fixed in a practical system. The quantity o, is the rms value of the signal amplitude,
and it would necessarily be less than the peak amplitude of the signal. For example, if
Xq(t) is a sine wave of peak amplitude X, theno, = X,/ V2. If oy is too large, the peak
signal amplitude will exceed the full-scale amplitude X ,, of the A/D converter. In this
case Eq. (4.135) is no longer valid, and severe distortion results. On the other hand, if
oy 1s too small, then the term in Eq. (4.136) will become large and negative, thereby
decreasing the SNR in Eq. (4.135). In fact, it is easily seen that when o, is halved, the
SNR decreases by 6 dB. Thus, it is very important that the signal amplitude be carefully
matched to the full-scale amplitude of the A/D converter.

Example 4.12 SNR for Sinusoidal Signal

Using the signal x[n] = A cos(n/10), we can compute the quantization error for differ-
ent values of B + 1 with X;, = 1 and A varying. Figure 4.61 shows estimates of SNR
as a function of X, /o, obtained by computing the average power over many samples
of the signal and dividing by the corresponding estimate of the average power of the
noise; i.e.,

where in the case of Figure 4.61, N = 101000.

Observe that the curves in Figure 4.61 closely follow Eq. (4.135) over a wide
range of values of B. In particular, the curves are straight lines as a function of
log(X,,/ox), and they are offset from one another by 12 dB because the values of
B differ by 2. SNR increases as X,, /o, decreases since increasing o, with X,, fixed
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SNR for Uniform Quantizers
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Figure 4.61 Signal-to-quantization-noise ratio as a function of X /ox for several
values of B.

means that the signal uses more of the available quantization levels. However, note
the precipitous fall of the curves as X, /ox — 1. Since ox = .707A for a sine wave, this
means that the amplitude A becomes greater than X,, = 1 and severe clipping occurs.
Thus, the SNR decreases rapidly after the amplitude exceeds X,;.

For analog signals such as speech or music, the distribution of amplitudes tends
to be concentrated about zero and falls off rapidly with increasing amplitude. In such
cases, the probability that the magnitude of a sample will exceed three or four times the
rms value is very low. For example, if the signal amplitude has a Gaussian distribution,
only 0.064 percent of the samples would have an amplitude greater than 4o,. Thus, to
avoid clipping the peaks of the signal (as is assumed in our statistical model), we might
set the gain of filters and amplifiers preceding the A/D converter so that o, = X,,/4.
Using this value of o, in Eq. (4.135) gives

SNR, ~ 6B — 1.25 dB. (4.137)

For example, obtaining a SNR of about 90-96 dB for use in high-quality music record-
ing and playback requires 16-bit quantization, but it should be remembered that such
performance is obtained only if the input signal is carefully matched to the full-scale
range of the A/D converter.

This trade-off between peak signal amplitude and absolute size of the quantization
noise is fundamental to any quantization process. We will see its importance again in
Chapter 6 when we discuss round-off noise in implementing discrete-time linear systems.
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4.8.4 D/A Conversion

In Section 4.3, we discussed how a bandlimited signal can be reconstructed from a
sequence of samples using ideal lowpass filtering. In terms of Fourier transforms, the
reconstruction is represented as

X, () =X YNHH,.(jQ), (4.138)
where X (¢/%) is the DTFT of the sequence of samples and X ,(j2) is the Fourier
transform of the reconstructed continuous-time signal. The ideal reconstruction filter is

on )T, 12| <7m/T,

For this choice of H,(j2), the corresponding relation between x, (¢) and x[n] is

> i —nT)/T
v =Y x[n]SIH;Z(t_ n’;)/); I (4.140)

n=—00
The system that takes the sequence x[n] as input and produces x,(¢) as output is called
the ideal D/C converter. A physically realizable counterpart to the ideal D/C converter
is a digital-to-analog converter (D/A converter) followed by an analog lowpass filter. As
depicted in Figure 4.62, a D/A converter takes a sequence of binary code words Xp[n]
as its input and produces a continuous-time output of the form

xpa() = ) Xuwiplnlho(t —nT)
=00 (4.141)

e.¢]
= Y flnlhot —nT),
n=—0oo
where hg () is the impulse response of the zero-order hold given by Eq. (4.122). The
dotted lines in Figure 4.55 show the output of a D/A converter for the quantized ex-
amples of the sine wave. Note that the D/A converter holds the quantized sample for
one sample period in the same way that the sample-and-hold holds the unquantized in-
put sample. If we use the additive-noise model to represent the effects of quantization,
Eq. (4.141) becomes
oo (.¢]
xpa(t)= Y xnlho(t —nT)+ Y elnlho(t —nT). (4.142)
n=—oo n=—oo
To simplify our discussion, we define
o
xo(t) = Y x[nlho(t —nT), (4.143)
n=-—00
o0
eo(t) = Y elnlho(t —nT), (4.144)

n=—oo

Scale by Convert to Zero-order

X, 3n] “| impulses hold

> Figure 4.62 Block diagram of D/A
Xpa®)  converter.
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so that Eq. (4.142) can be written as
xpa(t) = xo(t) + eo(t). (4.145)

The signal component xo(¢) is related to the input signal x, (¢), since x[n] = x,(nT ). The
noise signal ¢y(¢) depends on the quantization-noise samples e[#n] in the same way that
x0(7) depends on the unquantized signal samples. The Fourier transform of Eq. (4.143)
is

Xo(jQ) = Y x[nlHo(jQe /"7
o . 4.146
= ( > x[n]e—fﬂ”> Ho(jQ) (4146)
= X (/Y Ho(j Q).
Now, since
. 1 & 2wk
Ty _ = i _ -
X (e )_Tk;wxa (] (sz - )) (4.147)
it follows that
%00 =2 5 x. (i (2= 2N oG (4.148)
0(jQ) = ;k;m ali(2-= 0(j ). :

If X,(j2) is bandlimited to frequencies below 7/ T, the shifted copies of X ,(;j€2) do
not overlap in Eq. (4.148), and if we define a compensated reconstruction filter as

~ H,(jQ)
i, = 2D

Ho(jS2)
then the output of the filter will be x, (¢) if the input is xo(¢). The frequency response of
the zero-order-hold filter is easily shown to be

(4.149)

2sin(QT/2) _.
Ho(jQ) = %/)6_19”2. (4.150)
Therefore, the compensated reconstruction filter is
QT/2 -
3 .—/efm/z, Q| < /T,
H,(jQ) = { sin(QT/2) (4.151)
0, Q> 7/T.

Figure 4.63(a) shows |H((j2)| as given by Eq. (4.150), compared with the magnitude
of the ideal interpolation filter |H,(j2)| as given by Eq. (4.139). Both filters have a
gain of T at @ = 0, but the zero-order-hold, although lowpass in nature, does not
cut off sharply at @ = z/T. Figure 4.63(b) shows the magnitude of the frequency
response of the ideal compensated reconstruction filter to be used following a zero-
order-hold reconstruction system such as a D/A converter. The phase response would
ideally correspond to an advance time shift of 7'/2 seconds to compensate for the delay
of that amount introduced by the zero-order hold. Since such a time advance cannot be
realized in practical real-time approximations to the ideal compensated reconstruction
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T Ideal interpolating

Zero-order / \/ filter H,(jQ)
hold

|H,y(j Q)
_2m _m 0 s 2 Q
T T T T
(a)
\H,(jO)l

1

Figure 4.63 (a) Frequency response of
- - Q zero-order hold compared with ideal
T T interpolating filter. (b) ldeal

compensated reconstruction filter for

(b) use with a zero-order-hold output.

filter, only the magnitude response would normally be compensated, and often even
this compensation is neglected, since the gain of the zero-order hold drops only to 2/x
(or—4dB)atQ=n/T.

Figure 4.64 shows a D/A converter followed by an ideal compensated recon-
struction filter. As can be seen from the preceding discussion, with the ideal compen-
sated reconstruction filter following the D/A converter, the reconstructed output sig-
nal would be

i sin[7(t —nT)/T]

RO= 2 A T
o (4.152)
e sin[z(t —nT)/T] | sin[z(t —nT)/T]
_n;wx[”] 7t —nT)/T +n;ooe["] 7t —nT)/T

In other words, the output would be
X (1) = xq(1) + eq(2), (4153)

where ¢, (t) would be a bandlimited white-noise signal.

Compensated
reconstruction
N DA filter —
SO B PO 5,(0)
H,(jQ)
T Figure 4.64 Physical configuration for
r D/A conversion.
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Returning to a consideration of Figure 4.47(b), we are now in a position to un-
derstand the behavior of systems for digital processing of analog signals. If we assume
that the output of the antialiasing filter is bandlimited to frequencies below 7/ T, that
H, (j<2) is similarly bandlimited, and that the discrete-time system is linear and time
invariant, then the output of the overall system will be of the form

Yr(@) = ya(t) + eq(2), (4'154)
where
TY,(jQ) = H,(jQHoGDH ) Haa X (), (4.155)
in which Ha,(j2), Ho(j2), and H,( Jj ) are the frequency responses of the antialiasing
filter, the zero-order hold of the D/A converter, and the reconstruction lowpass filter,
respectively. H(e/9T) is the frequency response of the discrete-time system. Similarly,
assuming that the quantization noise introduced by the A/D converter is white noise
with variance 02 = A?/12, it can be shown that the power spectrum of the output noise is
Pe,(jQ) = |H, (jHo (O H ()P0, (4.156)
i.e., the input quantization noise is changed by the successive stages of discrete- and
continuous-time filtering. From Eq. (4.155), it follows that, under the model for the
quantization error and the assumption of negligible aliasing, the overall effective fre-
quency response from x.(t) to ,(¢) is
THe(jQ) = H (QHo(GQH () Haa (). (4.157)
If the antialiasing filter is ideal, as in Eq. (4.118), and if the compensation of the re-
construction filter is ideal, as in Eq. (4.151), then the effective frequency response is
as given in Eq. (4.119). Otherwise Eq. (4.157) provides a reasonable model for the ef-
fective response. Note that Eq. (4.157) suggests that compensation for imperfections in
any of the four terms can, in principle, be included in any of the other terms; e.g., the
discrete-time system can include appropriate compensation for the antialiasing filter or
the zero-order hold or the reconstruction filter or all of these.

In addition to the filtering supplied by Eq. (4.157), Eq. (4.154) reminds us that
the output will also be contaminated by the filtered quantization noise. In Chapter 6 we
will see that noise can be introduced as well in the implementation of the discrete-time
linear system. This internal noise will, in general, be filtered by parts of the discrete-
time system implementation, by the zero-order hold of the D/A converter, and by the
reconstruction filter.

4.9 OVERSAMPLING AND NOISE SHAPING IN A/D AND

D/A CONVERSION

In Section 4.8.1, we showed that oversampling can make it possible to implement sharp-
cutoff antialiasing filtering by incorporating digital filtering and decimation. As we dis-
cuss in Section 4.9.1, oversampling and subsequent discrete-time filtering and down-
sampling also permit an increase in the step size A of the quantizer or, equivalently,
a reduction in the number of bits required in the A/D conversion. In Section 4.9.2 we
show how the step size can be reduced even further by using oversampling together
with quantization-noise feedback, and in Section 4.9.3 we show how the oversampling
principle can be applied in D/A conversion.
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A/D conversion Sampling rate conversion
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Figure 4.65 Oversampled A/D conversion with simple quantization and down-
sampling.

4.9.1 Oversampled A/D Conversion with Direct
Quantization

To explore the relation between oversampling and the quantization step size, we con-
sider the system in Figure 4.65. To analyze the effect of oversampling in this system, we
consider x,(f) to be a zero-mean, wide-sense-stationary, random process with power-
spectral density denoted by @, ., (j2) and autocorrelation function denoted by ¢, , (7).
To simplify our discussion, we assume initially that x, (¢) is already bandlimited to Qy,
ie.,

Prx (G =0, Q] = Qw, (4.158)

and we assume that 27 /T = 2M Q. The constant M, which is assumed to be an integer,
is called the oversampling ratio. Using the additive noise model discussed in detail
in Section 4.8.3, we can replace Figure 4.65 by Figure 4.66. The decimation filter in
Figure 4.66 is an ideal lowpass filter with unity gain and cutoff frequency o, = /M.
Because the entire system of Figure 4.66 is linear, its output x,[n] has two components,
one due to the signal input x,(¢) and one due to the quantization noise input e[n]. We
denote these components by xg4,[n] and x4.[n], respectively.

Our goal is to determine the ratio of signal power £ {xd2 ,[1]} to quantization-noise
power £ {x§ .[n]} in the output x4[n] as a function of the quantizer step size A and the
oversampling ratio M. Since the system of Figure 4.66 is linear, and since the noise is
assumed to be uncorrelated with the signal, we can treat the two sources separately in
computing the respective powers of the signal and noise components at the output.

First, we will consider the signal component of the output. We begin by relating
the power spectral density, autocorrelation function, and signal power of the sampled
signal x[n] to the corresponding functions for the continuous-time analog signal x, (7).

e[n]
)\ X[n] = LPF xq[n] =
x, (1) C;D x[n] N xln] +efn]  |2e=™M - Xga[n] + Xge[n]
T= o

Figure 4.66 System of Figure 4.65 with quantizer replaced by linear noise model.
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Let ¢yr[m] and @, (e/®) respectively denote the autocorrelation and power spectral
density of x[n]. Then, by definition, ¢, [m] = E{x[n + m]x[n]}, and since x[n] = x,(nT )
and x[n +m] =x,(nT +mT),

Efxln + mlx[nl} = Efxa((n +m)T )xa (T ). (4.159)

Therefore,

Qxx[m] = ¢xaxa (mT ); (4.160)

i.e., the autocorrelation function of the sequence of samples is a sampled version of the
autocorrelation function of the corresponding continuous-time signal. In particular the
wide-sense-stationarity assumption implies that £{x2(¢)} is a constant independent of ¢.
It then follows that

Ex*n]) = E(x2(nT)) = E(x2(t)}  forallnorr. (4.161)

Since the power spectral densities are the Fourier transforms of the autocorrelation
functions, as a consequence of Eq. (4.160),

@) =1 Y an|i(2- )] (4162)

T
k=—00

Assuming that the input is bandlimited as in Eq. (4.158), and assuming oversampling
by a factor of M so that 27/T = 2MQy, we obtain, by substituting @ = /T into
Eq. (4.162)

s ( jf) | < /M
O (/=4 T N1 ’ (4.163)
0, /M < w<m.
For example, if @, (j2) is as depicted in Figure 4.67(a), and if we choose the sampling
rate to be 27/ T = 2MQy, then @, (e/“) will be as depicted in Figure 4.67(b).

It is instructive to demonstrate that Eq. (4.161) is true by utilizing the power
spectrum. The total power of the original analog signal is given by

2 1 (%
Elx (1)) = Z/Q Dy, x, (AR
TRLN

®y 1, (7Y

xaxa

() (b)

Figure 4.67 lllustration of frequency and amplitude scaling between @y, x, ($2)
and @y (6/?).
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From Eq. (4.163), the total power of the sampled signal is

1 [~ ;
EX%n]} = — / Dy (e/)dw (4.164)
2w J_5
1 [Mq ®
= — —®, . (/= )do. 4.165
2 i T XaXa (-] T) w ( )
Using the fact that Q7 = /M and making the substitution Q@ = w/T in Eq. (4.165)

gives

27

Thus, the total power of the sampled signal and the total power of the original analog
signal are exactly the same as was also shown in Eq. (4.161). Since the decimation filter is
anideal lowpass filter with cutoff w. = /M, the signal x[n] passes unaltered through the
filter. Therefore, the downsampled signal component at the output, x4,[n] = x[nM] =
Xq(nMT ), also has the same total power. This can be seen from the power spectrum by
noting that, since &, (e/®) is bandlimited to |w| < /M,

QN
Ex’n)) = L / Dy, (GRAQ = Ex2(1)).
—Qn

) 1 M-1 A
q)xdaxd,l (e’?) = M cpxx(ej(a)—Zyrk)/M)
k=0
1 jw/M
= Md&x(d ) lo| < 7. (4.166)

Using Eq. (4.166), we obtain

1 .
EVG,lnl) = 5 / B (7)o

-7

= 5 - Paxl€ w
20 J_o M
1 /M

== Orx (/) do = E{x*[n]),
27 —7/M

which shows that the power of the signal component stays the same as it traverses the
entire system from the input x,(¢) to the corresponding output component x4,[n]. In
terms of the power spectrum, this occurs because, for each scaling of the frequency axis
that results from sampling, we have a counterbalancing inverse scaling of the amplitude,
so that the area under the power spectrum remains the same as we go from &, ,, (7<)
to @,y (e/?) to dy, x,. (¢/“) by sampling.

Now let us consider the noise component that is generated by quantization. Ac-
cording to the model in Section 4.8.3, we assume that ¢[n] is a wide-sense-stationary
white-noise process with zero mean and variance?

) A?
O'E—E.

SSince the random process has zero mean, the average power and the variance are the same.
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(I)ee(ejw) = a.()Z

,,,,,,,, Figure 4.68 Power spectral density of
‘ signal and quantization noise with an
™ w oversampling factor of M.

Consequently, the autocorrelation function and power density spectrum for e[n] are,
respectively,

Peelm] = 078[m] (4.167)
and
®D,,(e/?) = o2 lw| < 7. (4.168)

e

In Figure 4.68, we show the power density spectrum of e[n] and of x[n]. The power
density spectrum of the quantized signal x[n] is the sum of these, since the signal and
quantization-noise samples are assumed to be uncorrelated in our model.

Although we have shown that the power in either x[n] or e[n] does not depend
on M, we note that as the oversampling ratio M increases, less of the quantization-
noise spectrum overlaps with the signal spectrum. It is this effect of the oversampling
that lets us improve the signal-to-quantization-noise ratio by sampling-rate reduction.
Specifically, the ideal lowpass filter removes the quantization noise in the band 7/M <
|w| <, while it leaves the signal component unaltered. The noise power at the output
of the ideal lowpass filter is

/M 2
1]} = —— / / o2dw = 2¢.
2w —/M M
Next, the lowpass filtered signal is downsampled, and, as we have seen, the signal power
in the downsampled output remains the same. In Figure 4.69, we show the resulting
power density spectrum of both x4,[r] and x4.[n]. Comparing Figures 4.68 and 4.69, we
can see that the area under the power density spectrum for the signal has not changed,
since the frequency axis and amplitude axis scaling have been inverses of each other.
On the other hand, the noise power in the decimated output is the same as at the output
of the lowpass filter; i.e.,

1 (7 o? o? A?
Elxgelnl) = 5— | “Cdw =5 =0 (4.169)
-

Thus, the quantization-noise power £ {xﬁe [n]} has been reduced by a factor of M through
the filtering and downsampling, while the signal power has remained the same.

Figure 4.69 Power spectral density of
signal and quantization noise after
downsampling.
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From Eq. (4.169), we see that for a given quantization noise power, there is a
clear trade-off between the oversampling factor M and the quantizer step size A. Equa-
tion (4.125) states that for a quantizer with (B + 1) bits and maximum input signal level
between plus and minus X ,,, the step size is

A=X,/28,
and therefore,
1 [(Xm)°
2 _ m

Equation (4.170) shows that for a fixed quantizer, the noise power can be decreased
by increasing the oversampling ratio M. Since the signal power is independent of M,
increasing M will increase the signal-to-quantization-noise ratio. Alternatively, for a
fixed quantization noise power Py, = £ {xﬁ .[n1}, the required value for B is

1 1 1
B = —3 log, M — 3 log, 12 — 5 log, Pye +logy X 1. (4.171)

From Eq. (4.171), we see that for every doubling of the oversampling ratio M, we need
1/2 bit less to achieve a given signal-to-quantization-noise ratio, or, in other words, if
we oversample by a factor M = 4, we need one less bit to achieve a desired accuracy in
representing the signal.

4.9.2 Oversampled A/D Conversion with Noise Shaping

In the previous section, we showed that oversampling and decimation can improve the
signal-to-quantization-noise ratio. This seems to be a somewhat remarkable result. It
implies that we can, in principle, use very crude quantization in our initial sampling of
the signal, and if the oversampling ratio is high enough, we can still obtain an accurate
representation of the original samples by doing digital computation on the noisy sam-
ples. The problem with what we have seen so far is that, to make a significant reduction
in the required number of bits, we need very large oversampling ratios. For example, to
reduce the number of bits from 16 to 12 would require M = 4* = 256. This seems to be
a rather high cost. However, the basic oversampling principle can lead to much higher
gains if we combine it with the concept of noise spectrum shaping by feedback.

As was indicated in Figure 4.68, with direct quantization the power density spec-
trum of the quantization noise is constant over the entire frequency band. The basic
concept in noise shaping is to modify the A/D conversion procedure so that the power
density spectrum of the quantization noise is no longer uniform, but rather, is shaped
such that most of the noise power is outside the band |w| < 7/M. In that way, the
subsequent filtering and downsampling removes more of the quantization-noise power.

The noise-shaping quantizer, generally referred to as a sampled-data Delta-Sigma
modulator, is shown in Figure 4.70. (See Candy and Temes, 1992 and Schreier and Temes,
2005.) Figure 4.70(a) shows a block diagram of how the system is implemented with inte-
grated circuits. The integrator is a switched-capacitor discrete-time integrator. The A/D
converter can be implemented in many ways, but generally, it is a simple 1-bit quantizer
or comparator. The D/A converter converts the digital output back to an analog pulse
that is subtracted from the input signal at the input to the integrator. This system can
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Sampled
+
m data corﬁ//egter
x,(6) 2 integrator y[n]
D/A
converter
(a)
y[n] xqln] =
—> Quantizer » I:P:/ Vima VM BN
Xq (1) c Xde [}’l] + Xge [I’Z]

(b)

Figure 4.70 Oversampled quantizer with noise shaping.

be represented by the discrete-time equivalent system shown in Figure 4.70(b). The
switched-capacitor integrator is represented by an accumulator system, and the delay
in the feedback path represents the delay introduced by the D/A converter.

As before, we model the quantization error as an additive noise source so that the
system in Figure 4.70 can be replaced by the linear model in Figure 4.71. In this system,
the output y[n] is the sum of two components: y,[n] due to the input x[n] alone and é[n]
due to the noise ¢[n] alone.

We denote the transfer function from x[n] to y[r] as H,(z) and from e[n] to y[n]
as H,.(z). These transfer functions can both be calculated in a straightforward manner

and are
H.(x) =1, (4.172a)
He(zx)=(1-2z"). (4.172b)
e[n]
+/‘\ 1 )\ y[n] LPF
—>| C/D M
x,(0) T Wl -z N we=mM ¢ xgln]
T

Figure 4.71  System of Figure 4.70 from x5(f) to x,[n] with quantizer replaced by
a linear noise model.
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e[n]
1-z71
e[n]

N\ LPF

C/D + - M

x(0) : xial 7 yinl=xln] +éln] | @~ ™M xqln]
_m
r= QuM

Figure 4.72 Equivalent representation of Figure 4.71.

Consequently,
yeln] = x[n), (4.173a)
and
é[n] = e[n] —e[n — 1]. (4.173b)

Therefore, the output y[n] can be represented equivalently as y[n] = x[n]+ é[n], where
x[n] appears unmodified at the output and the quantization noise ¢[r] is modified by the
first-difference operator H,(z). This is depicted in the block diagram in Figure 4.72. With
the power density spectrum for e[n] given by Eq. (4.168), the power density spectrum
of the quantization noise é[n] that is present in y[n] is
Do(e/?) = 07| He(e/)?
(4.174)
= o2[2sin(w/2)]°.

In Figure 4.73, we show the power density spectrum of é[n], the power spectrum of e[n],
and the same signal power spectrum that was shown in Figure 4.67(b) and Figure 4.68.

It is interesting to observe that the fotal noise power is increased from E{e?[n]} = aez

1 QyM

T T

D;5(e1?) = 402sin? (w/2)
(I)Xx(ejm)

Figure 4.73 The power spectral density of the quantization noise and the signal.
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(I)Xduxdn (e jw)

" 402
(I)leelee(e] ): M

sin? (w/(2M))

Figure4.74 Power spectral density of the signal and quantization noise after downsampling.

at the quantizer to £{é*[n]} = 207 at the output of the noise-shaping system. However,
note that in comparison with Figure 4.68, the quantization noise has been shaped in
such a way that more of the noise power is outside the signal band |w| < 7/M than in
the direct oversampled case, where the noise spectrum is flat.

In the system of Figure 4.70, this out-of-band noise power is removed by the low-
pass filter. Specifically, in Figure 4.74 we show the power density spectrum of @, .. (e/®)
superimposed on the power density spectrum of @, (¢/“). Since the downsampler
does not remove any of the signal power, the signal power in x4,[n] is

Piy = E{x3,[n]) = E(x%[n]) = E(x2 (1)),

The quantization-noise power in the final output is

1 [ . 1 A2 7 ® \\2
_ = jo _ - = (2
Pie=r50 | Pum@do=-mn [ (25in (537)) de. (4.175)

To compare this approximately with the results in Section 4.9.1, assume that M is suffi-
ciently large so that
RN
sin (337) ~ 247
With this approximation, Eq. (4.175) is easily evaluated to obtain
1 A%x?

T 36 M3

From Eq. (4.176), we see again a trade-off between the oversampling ratio M and
the quantizer step size A. For a (B + 1)-bit quantizer and maximum input signal level
between plus and minus X ,,, A = X, /28 . Therefore, to achieve a given quantization-
noise power P;,, we must have

Pue (4.176)

3 1
B = ) log, M + log, (7 /6) — 5 log, Pye +10gy X 1. (4.177)

Comparing Eq. (4.177) with Eq. (4.171), we see that, whereas with direct quantization
a doubling of the oversampling ratio M gained 1/2 bit in quantization, the use of noise
shaping results in a gain of 1.5 bits.

Table 4.1 gives the equivalent savings in quantizer bits over direct quantization
with no oversampling (M = 1) for (a) direct quantization with oversampling, as dis-
cussed in Section 4.9.1, and (b) oversampling with noise shaping, as examined in this
section.
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TABLE 4.1  EQUIVALENT SAVINGS IN
QUANTIZER BITS RELATIVETO M =1 FOR
DIRECT QUANTIZATION AND 15!-ORDER
NOISE SHAPING

Direct Noise
M quantization shaping
4 1 22
8 1.5 3.7
16 2 5.1
32 2.5 6.6
64 3 8.1

The noise-shaping strategy in Figure 4.70 can be extended by incorporating a
second stage of accumulation as shown in Figure 4.75. In this case, with the quantizer
again modeled as an additive noise source e[n], it can be shown that

y[n] = x[n] + e[n]
where, in the two-stage case, é[n] is the result of processing the quantization noise e[n]
through the transfer function

H.(z) = (1 —z"H% (4.178)

The corresponding power density spectrum of the quantization noise now present in
ylnlis

Dps(e!?) = 62[2sin(w/2)]1%, (4.179)

with the result that, although the total noise power at the output of the two-stage noise-
shaping system is greater than for the one-stage case, even more of the noise lies outside
the signal band. More generally, p stages of accumulation and feedback can be used,
with corresponding noise shaping given by

Dpp(e’?) = o2[2sin(w/2)1?P. (4.180)
In Table 4.2, we show the equivalent reduction in quantizer bits as a function of the order
p of the noise shaping and the oversampling ratio M. Note that with p = 2 and M = 64,
we obtain almost 13 bits of increase in accuracy, suggesting that a 1-bit quantizer could
achieve about 14-bit accuracy at the output of the decimator.

Although multiple feedback loops such as the one shown in Figure 4.75 promise
greatly increased noise reduction, they are not without problems. Specifically, for large
values of p, there is an increased potential for instability and oscillations to occur.
An alternative structure known as multistage noise shaping (MASH) is considered in

Problem 4.68.
—> C/D +C\ ! a +C\ ! ) >| Quantizer
x, (1) x[n] > 1-z h 1-z y[n]
T _ 71 <

Figure 4.75 Oversampled quantizer with 2"4-order noise shaping.
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TABLE 4.2 REDUCTION IN QUANTIZER
BITS AS ORDER p OF NOISE SHAPING

Oversampling factor M

Quantizer
order p 4 8 16 32 64
0 1.0 1.5 2.0 2.5 3.0
1 2.2 3.7 5.1 6.6 8.1
2 2.9 54 79 104 129
3 35 70 105 140 175
4 4.1 85 130 175 220
5 46 100 155 210 265

4.9.3 Oversampling and Noise Shaping in D/A
Conversion

In Sections 4.9.1 and 4.9.2, we discussed the use of oversampling to simplify the process
of A/D conversion. As we mentioned, the signal is initially oversampled to simplify
antialias filtering and improve accuracy, but the final output x4[n] of the A/D converter
is sampled at the Nyquist rate for x,(¢). The minimum sampling rate is, of course, highly
desirable for digital processing or for simply representing the analog signal in digital
form, as in the CD audio recording system. It is natural to apply the same principles in
reverse to achieve improvements in the D/A conversion process.

The basic system, which is the counterpart to Figure 4.65, is shown in Figure 4.76.
The sequence y4[n], which is to be converted to a continuous-time signal, is first up-
sampled to produce the sequence y[r], which is then requantized before sending it to
a D/A converter that accepts binary samples with the number of bits produced by the
requantization process. We can use a simple D/A converter with few bits if we can be
assured that the quantization noise does not occupy the signal band. Then the noise can
be removed by inexpensive analog filtering.

In Figure 4.77, we show a structure for the quantizer that shapes the quantization
noise in a similar manner to the 1%-order noise shaping provided by the system in
Figure 4.70. In our analysis we assume that y,[n] is effectively unquantized or so finely
quantized relative to y[n] that the primary source of quantizer error is the quantizer in
Figure 4.76. To analyze the system in Figures 4.76 and 4.77, we replace the quantizer
in Figure 4.77 by an additive white-noise source e[n], so that Figure 4.77 is replaced by
Figure 4.78. The transfer function from y[r] to y[n] is unity, i.e., the upsampled signal

Sampling rate increase by M

| |
l LPF |
—>| tM Gain=M f Quantizer D/C
valnl : cutoff = 7/M : yn] y[n] A 0]
|
S — J f
T

Figure 4.76 Oversampled D/A conversion.
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- +@ Quantizer
yinl 2 yln]
()~
e[n] Figure 4.77 1St-order noise-shaping
7! system for oversampled D/A
quantization.

+
y[n] _\ yln]
()<
Figure 4.78 System of Figure 4.77
71 e[] with quantizer replaced by linear noise
model.

y[n] appears at the output unaltered. The transfer function H.(z) from e[n] to y[n] is
He(x)=1-2z"L
Therefore, the quantization noise component &[n] that appears at the output of the
noise-shaping system in Figure 4.78 has the power density spectrum
Dss(e!”) = 02(2sinw/2)?, (4.181)
where, again, %2 = A2/12.

An illustration of this approach to D/A conversion is given in Figure 4.79. Fig-
ure 4.79(a) shows the power spectrum @y, (¢/*) of the input y,[n] in Figure 4.76. Note
that we assume that the signal y,[n] is sampled at the Nyquist rate. Figure 4.79(b) shows
the corresponding power spectrum at the output of the upsampler (by M), and Fig-
ure 4.79(c) shows the quantization noise spectrum at the output of the quantizer/noise-
shaper system. Finally, Figure 4.79(d) shows the power spectrum of the signal component
superimposed on the power spectrum of the noise component at the analog output of
the D/C converter of Figure 4.76. In this case, we assume that the D/C converter has an
ideal lowpass reconstruction filter with cutoff frequency /(M T ), which will remove as
much of the quantization noise as possible.

In a practical setting, we would like to avoid sharp-cutoff analog reconstruction
filters. From Figure 4.79(d), itis clear that if we can tolerate somewhat more quantization
noise, then the D/C reconstruction filter need not roll off so sharply. Furthermore, if we
use multistage techniques in the noise shaping, we can obtain an output noise spectrum
of the form

Dpp(e’®) = 62 (2sinw/2)?P,
which would push more of the noise to higher frequencies. In this case, the analog
reconstruction filter specifications could be relaxed even further.
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1 Pyayale )

-

- 0 T w
(a)
M, P5(e")
\ \ \
- _m 0 T T [0}
M M
(b)

MT q)yaya(jﬂ)

Dy5(e/T) = 402 T'sin® (QT/2)

(d)

Figure 4.79 (a) Power spectral density of signal y,[n]. (b) Power spectral density
of signal y[n]. (c) Power spectral density of quantization noise. (d) Power spectral
density of the continuous-time signal and the quantization noise.

4.10 SUMMARY

In this chapter, we developed and explored the relationship between continuous-time
signals and the discrete-time sequences obtained by periodic sampling. The fundamen-
tal theorem that allows the continuous-time signal to be represented by a sequence of
samples is the Nyquist-Shannon theorem, which states that, for a bandlimited signal,
periodic samples are a sufficient representation, as long as the sampling rate is suffi-
ciently high relative to the highest frequency in the continuous-time signal. Under this
condition, the continuous-time signal can be reconstructed by lowpass filtering from
knowledge of only the original bandwidth, the sampling rate and the samples. This cor-
responds to bandlimited interpolation. If the sampling rate is too low relative to the
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bandwidth of the signal, then aliasing distortion occurs and the original signal cannot
be reconstructed by bandlimited interpolation.

The ability to represent signals by sampling permits the discrete-time processing of
continuous-time signals. This is accomplished by first sampling, then applying discrete-
time processing, and, finally, reconstructing a continuous-time signal from the result.
Examples given were lowpass filtering and differentiation.

Sampling rate changes are an important class of digital signal processing oper-
ations. Downsampling a discrete-time signal corresponds in the frequency domain to
an amplitude-scaled replication of the discrete-time spectrum and rescaling of the fre-
quency axis, which may require additional bandlimiting to avoid aliasing. Upsampling
corresponds to effectively increasing the sampling rate and is also represented in the fre-
quency domain by a rescaling of the frequency axis. By combining upsampling and down-
sampling by integer amounts, noninteger sampling rate conversion can be achieved. We
also showed how this can be efficiently done using multirate techniques.

In the final sections of the chapter, we explored a number of practical considera-
tions associated with the discrete-time processing of continuous-time signals, including
the use of prefiltering to avoid aliasing, quantization error in A/D conversion, and some
issues associated with the filtering used in sampling and reconstructing the continuous-
time signals. Finally, we showed how discrete-time decimation and interpolation and
noise shaping can be used to simplify the analog side of A/D and D/A conversion.

The focus of this chapter has been on periodic sampling as a process for obtaining
a discrete representation of a continuous-time signal. While such representations are by
far the most common and are the basis for almost all of the topics to be discussed in the
remainder of this text, there are other approaches to obtaining discrete representations
that may lead to more compact representations for signals where other information
(besides bandwidth) is known about the signal. Some examples can be found in Unser
(2000).

Basic Problems with Answers

4.1. The signal
x¢c(t) = sin 2w (100)1)

was sampled with sampling period T = 1/400 second to obtain a discrete-time signal x[n].
What is the resulting sequence x[n]?

4.2. The sequence
x[n] = cos (%n) s —00 < n < 00,
was obtained by sampling the continuous-time signal
Xe(t) = cos (Rpt1), -0 <t <00,

at a sampling rate of 1000 samples/s. What are two possible positive values of €2 that could
have resulted in the sequence x[n]?
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4.3.

44.

4.5.

4.6.

4.7.
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The continuous-time signal
xc(t) = cos (40007t)
is sampled with a sampling period T to obtain the discrete-time signal
n
x[n] =cos|— ).
i =cos (55)
(a) Determine a choice for T consistent with this information.
(b) Isyour choice for T in part (a) unique? If so, explain why. If not, specify another choice
of T consistent with the information given.

The continuous-time signal
Xxc(t) = sin (207t) + cos (407¢)
is sampled with a sampling period T to obtain the discrete-time signal

. /Tn 2mn
X[}’l] = Sin (?) -+ cos ? .

(a) Determine a choice for T consistent with this information.
(b) Isyour choice for T in part (a) unique? If so, explain why. If not, specify another choice
of T consistent with the information given.

Consider the system of Figure 4.10, with the discrete-time system an ideal lowpass filter
with cutoff frequency 7 /8 radians/s.

(a) If x.(¢) is bandlimited to 5 kHz, what is the maximum value of T that will avoid aliasing
in the C/D converter?

(b) If1/T = 10 kHz, what will the cutoff frequency of the effective continuous-time filter
be?

(¢) Repeat part (b) for 1/T =20 kHz.

Let i (t) denote the impulse response of an LTI continuous-time filter and /4[] the impulse
response of an LTT discrete-time filter.
(a) If
e~ >0,
he() = [0, ‘=<0,
where a is a positive real constant, determine the continuous-time filter frequency
response and sketch its magnitude.
(b) If hy[n] = Th.(nT) with h.(¢) as in part (a), determine the discrete-time filter fre-
quency response and sketch its magnitude.
(c¢) For a given value of a, determine, as a function of 7, the minimum magnitude of the
discrete-time filter frequency response.

A simple model of a multipath communication channel is indicated in Figure P4.7-1. Assume
that s.(¢) is bandlimited such that S.(j2) = 0 for |2| > 7/ T and that x.(¢) is sampled with
a sampling period T to obtain the sequence

x[n] = x.(nT).

+
SL.(Z) Xc(l‘) = S('(l) +a Sc(t_ Td)
« Delay
Td

Figure P4.7-1
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(a) Determine the Fourier transform of x. () and the Fourier transform of x[r] in terms
of S.(j ).

(b) We want to simulate the multipath system with a discrete-time system by choosing
H(e/®) in Figure P4.7-2 so that the output r[n] = x.(nT ) when the input is s[n] =
sc(nT). Determine H(e/?) in terms of T and T4.

(¢) Determine the impulse response A[n] in Figure P4.7 when (i) ty = T and (ii) ty = T/2.

—>| H(e/?) p——>

s[n]=s.(nT) rnl=x.(nT) " Figure P4.7-2

Consider the system in Figure P4.8 with the following relations:

Xc(j2) =0, Q] >27 x 104,
x[n] = xc(nT),

yiml=T Y xIkl.

k=—o00

hin]
C/D .
x(0) xfn]  [HE) |y

~ —

Figure P4.8

(a) For this system, what is the maximum allowable value of T if aliasing is to be avoided,
i.e., so that x.(#) can be recovered from x[n].

(b) Determine h[n].

(¢) Interms of X (e/®), what is the value of y[n] for n — co?

(d) Determine whether there is any value of 7 for which

y[n]

= / Y ey, (P4.8-1)

n=oo —00

If there is such a value for 7', determine the maximum value. If there is not, explain and
specify how T would be chosen so that the equality in Eq. (P4.8-1) is best approximated.

Consider a stable discrete-time signal x[n] whose discrete-time Fourier transform X (e/®)
satisfies the equation

X (1) = x (el

and has even symmetry, i.e., x[n] = x[—n].

(a) Show that X (ej @) is periodic with a period .

(b) Find the value of x[3]. (Hint: Find values for all odd-indexed points.)

(c¢) Let y[n] be the decimated version of x[n], i.e., y[n] = x[2n]. Can you reconstruct x[n]
from y[n] for all n. If yes, how? If no, justify your answer.
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4.10.

4.11.

4.12.

4.13.

4.14.

4.15.
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Each of the following continuous-time signals is used as the input x.(¢) for an ideal C/D
converter as shown in Figure 4.1 with the sampling period 7T specified. In each case, find
the resulting discrete-time signal x[n].

(a) xc(t) =cos 2z (1000)r), T = (1/3000) sec
(b) xc(t) =sin 27 (1000)¢), T = (1/1500) sec
(¢) xc(t) =sin 2w (1000)t) / (wt), T = (1/5000) sec

The following continuous-time input signals x.(¢) and corresponding discrete-time output
signals x[n] are those of an ideal C/D as shown in Figure 4.1. Specify a choice for the
sampling period T that is consistent with each pair of x.(¢) and x[r]. In addition, indicate
whether your choice of T is unique. If not, specify a second possible choice of T consistent
with the information given.

(a) xc(t) =sin(10zt), x[n] =sin(wn/4)

(b) xc(t) =sin(107t)/(10xt), x[n] =sin(zn/2)/(Tn/2).

In the system of Figure 4.10, assume that
H(ejw) =jo/T, —-7<w<m,

and T = 1/10 sec.

(a) For each of the following inputs x.(¢), find the corresponding output y. ().
(i) xc(t) = cos(6mr).
(i) xc(2) = cos(14nt).

(b) Are the outputs y.(r) those you would expect from a differentiator?

In the system shown in Figure 4.15, ho(t) = 8(t — T/2).

(a) Suppose the input x[n] = sin(zn/2) and T = 10. Find y[n].

(b) Suppose you use the same x[n] as in part (a), but halve T to be 5. Find the resulting
ylnl.

(c¢) In general, how does the continuous-time LTI system %.(¢) limit the range of the
sampling period T that can be used without changing y[n]?

Which of the following signals can be downsampled by a factor of 2 using the system in
Figure 4.19 without any loss of information?

(a) x[n] = é8[n — ng], for ng some unknown integer

(b) x[n] = cos(n/4)

(¢) x[n] = cos(mwn/4) + cos(3zn/4)

(d) x[n] =sin(wn/3) /(wn/3)

(e) x[n] = (=1)"sin (7n/3) /(7n/3).

Consider the system shown in Figure P4.15. For each of the following input signals x[n],
indicate whether the output x,[n] = x[n].

(a) x[n] =cos(wn/4)

(b) x[n] =cos(mtn/2)

(¢)

B [sin(nn/s)]z

mn

Hint: Use the modulation property of the Fourier transform to find X (¢/®).
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H(el®) 3
x[n] ¢3 x4[n] ¢3 x.[n] J:l xp[n]
3 mh Figure P4.15

Consider the system in Figure 4.29. The input x[n] and corresponding output X;[n] are given
for a specific choice of M/L in each of the following parts. Determine a choice for M/L
based on the information given, and specify whether your choice is unique.

(a) x[n] =sin(wn/3) /(wn/3), X4[n] = sin (Szn/6) /(57n/6)

(b) x[n] =cos(3nn/4), X4[n] = cos(wn/2).

Each of the following parts lists an input signal x[n] and the upsampling and downsampling
rates L and M for the system in Figure 4.29. Determine the corresponding output X;[n].
(a) x[n] =sinRnn/3)/nan, L=4, M =3

(b) x[n] =sin(Bnn/4), L=6, M =1.

For the system shown in Figure 4.29, X (e/®), the Fourier transform of the input signal

x[n], is shown in Figure P4.18. For each of the_ following c_hoices of L and M, specify the
maximum possible value of wg such that X (e/®) = aX (e/ Mo/Ly for some constant a.

X (el?)

- ~®o “o m Figure P4.18

(a) M=3,L=2
(b) M=5,L=3
(¢c) M=2, L=3.

The continuous-time signal x.(¢) with the Fourier transform X . (j ) shown in Figure P4.19-
1 is passed through the system shown in Figure P4.19-2. Determine the range of values for
T for which x; () = x¢ ().

X.(j)
1 1
-0, _2q 0 29, 0 @
3 3 Figure P4.19-1
C/D D/C
x(1) x[n] xp (1)
T T

Figure P4.19-2
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4.20. Consider the system in Figure 4.10. The input signal x.(¢) has the Fourier transform shown
in Figure P4.20 with Q¢ = 27(1000) radians/second. The discrete-time system is an ideal
lowpass filter with frequency response

1, |o| < w¢,
0, otherwise.

H(el?) = {

X(jQ)

- X ' Figure P4.20

(a) What is the minimum sampling rate Fy; = 1/T such that no aliasing occurs in sampling
the input?
(b) If w, = 7 /2, what is the minimum sampling rate such that y,(t) = x.(¢)?

Basic Problems

4.21. Consider a continuous-time signal x.(¢) with Fourier transform X, (j2) shown in Fig-

ure P4.21-1.
A XC(/Q)
1 1
> ()
2 2
—Q 3% 0 3 Q

Figure P4.21-1 Fourier transform X; (j&2)

(a) A continuous-time signal x, (¢) is obtained through the process shown in Figure P4.21-
2. First, x.(¢) is multiplied by an impulse train of period 77 to produce the waveform
xs(1), 1.e.,

+o0

xs(t) = Z x[n]é(@t —nTy).

n=—0oo

Next, x;(¢) is passed through a low pass filter with frequency response H, (j2). H, (j<2)
is shown in Figure P4.21-3.
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x (1) ? x,(1) H(i%) x,(1)
i 8(t—nTy)
n=-o Figure P4.21-2 Conversion system for part (a)
A Hr(]Q)
TI
>Q
T aa
B T

Figure P4.21-3 Frequency response Hr(j2)

Determine the range of values for 77 for which x, (t) = x. ().

(b) Consider the system in Figure P4.21-4. The system in this case is the same as the
one in part (a), except that the sampling period is now 7,. The system H(j) is
some continuous-time ideal LTI filter. We want x, (¢) to be equal to x.(¢) for all ¢, i.e.,
Xo(t) = x.(t) for some choice of H(j<2). Find all values of 7 for which x,(¢) = x(t)
is possible. For the largest 7> you determined that would still allow recovery of x.(z),
choose H (j$2) so that x,(¢t) = x.(¢). Sketch H, (j<2).

X o~ 00 Xo(1)

T H(jQ)

i 8(t—nT)
n==2 Figure P4.21-4 Conversion system for part (b)

4.22. Suppose that the bandlimited differentiator of Example 4.4 has input x.(¢) = cos(g¢) with
Qo < m/T.In this problem, we wish to verify that the continuous-time signal reconstructed
from the output of the bandlimited differentiator is indeed the derivative of x.(z).

(a) The sampled input will be x[n] = cos(wgn), where wy = Q¢T < n. Determine an
expression for X (e/®) that is valid for || < 7.

(b) Now use Eq. (4.46) to determine the DTFT of Y (¢/®), the output of the discrete-time
system.

(¢) From Eq. (4.32) determine Y, (j2), the continuous-time Fourier transform of the out-
put of the D/C converter.

(d) Use the result of (c) to show that

. d
yr(1) = =Qosin(Qo1) = - [xe(®)].
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4.23.

4.24.

Chapter 4 Sampling of Gontinuous-Time Signals

Figure P4.23-1 shows a continuous-time filter that is implemented using an LTT discrete-time
filter ideal lowpass filter with frequency response over —7 < w < 7 as

; 1 o] < wc
JOy —
He )_{O we < |w| <.

(a) Ifthe continuous-time Fourier transform of x.(#), namely X (j2), is as shown in Figure
P4.23-2 and w, = %, sketch and label X (e/?), Y(e/®) and Y.(j2) for each of the
following cases:

() 1/Ty =1/T, =2 x 10*
(i) 1/T; =4 x 10%, 1/T, =10*
(iii) 1/7y =10%, 1/T, =3 x 10%.

(b) For1/T) =1/T, =6 % 103, and for input signals x.(f) whose spectra are bandlimited
to || <27 x 5 x 103 (but otherwise unconstrained), what is the maximum choice of
the cutoff frequency w of the filter H(e/®) for which the overall system is LTI? For
this maximum choice of w, specify H.(j ).

H(jQ)

I' _________________________________ I
xc(t) | x[n] . y[}’l] : yc([)
—:—» C/D H(e/®) DIC |—1—

|

|

| A ? I

L S & S | Figure P4.23-1

X(jQ)
2 X 5% 103 27 X 5 X 10° Q Figure P4.23-2

Consider the system shown in Figure P4.24-1.

|

|

: Anti-Aliasing
v(t) | x(1)

CT Filter H y(e/®), h[n]

Figure P4.24-1

The anti-aliasing filter is a continuous-time filter with the frequency response L(j$2) shown
in Figure P4.24-2.
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A L(Q)

~la
SIE}

Figure P4.24-2

The frequency response of the LTI discrete-time system between the converters is given
by:

. w
Hy(e!®)=¢e73, |ol<m

(a) Whatisthe effective continuous-time frequency response of the overall system, H (j2)?
(b) Choose the most accurate statement:

(i) ye(t) = $xc3n).

(i) ye(®) = xet — ).

(i) ye() = frxc(t —37),

(V) ye(t) = xc(t = 3).
(a) Express yg[n] in terms of y.(¢).
(b) Determine the impulse response 4[n] of the discrete-time LTI system.

4.25. Two bandlimited signals, x1(¢) and x,(¢), are multiplied, producing the product signal

w(t) = x1(t)xp(¢). This signal is sampled by a periodic impulse train yielding the signal

o0

wp() =w(t) Y 8(¢t—nT)= Y  wnT)st—nT).

n=—oo n=—oo

Assume that xq (7) is bandlimited to €21, and x, (¢) is bandlimited to Q,; that is,
X1 =0, Q=2

X2(j) =0, Q] = ;.

Determine the maximum sampling interval 7 such that w(¢) is recoverable from w (¢)
through the use of an ideal lowpass filter.

4.26. The system of Figure P4.26 is to be used to filter continuous time music signals using a

sampling rate of 16kHz.
xe(1) , ye(t)
—> D H(el®) > DIC [——>

~ =
~N =

Figure P4.26

H(e/®) is an ideal lowpass filter with a cutoff of =/2. If the input has been bandlimited
such that X.(j2) = 0 for |2| > ., how should 2. be chosen so that the overall system in
Figure P4.26 is LT1?
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4.27. The system shown in Figure P4.27 is intended to approximate a differentiator for bandlim-
ited continuous-time input waveforms.

L i Figure P4.27

e The continuous-time input signal x.(¢) is bandlimited to |Q| < Q2.
e The C/D converter has sampling rate 7 = QL, and produces the signal
M

xgln] = xc(nT).
e The discrete-time filter has frequency response

T
e The ideal D/C converter is such that y;[n] = y.(nT).

Hy(el?) = , lo| <7 .

(a) Find the continuous-time frequency response H.(j<2) of the end-to-end system.
(b) Find x4[n], y-(t), and y;[n], when the input signal is
sin(2y/t)

1) =
Xc(t) Qut

4.28. Consider the representation of the process of sampling followed by reconstruction shown
in Figure P4.28.

s(t) = i &(t—nT)

n=-%

() H(jQ) —
~ x50 () Figure P4.28

xc()

Assume that the input signal is
Xxe(®) =2cos(100xt — w/4) + cos(300xt +w/3) —o00 <t <0
The frequency response of the reconstruction filter is
T 1Ql=<m/T
(&) = {0 Q| > 7/T

(a) Determine the continuous-time Fourier transform X (j€2) and plot it as a function of
Q.

(b) Assume that f; = 1/T = 500 samples/sec and plot the Fourier transform X;(j<2) as
a function of Q for —27/T < Q < 27/T. What is the output x,(¢) in this case? (You
should be able to give an exact equation for x,(¢).)

(¢) Now, assume that f; = 1/T = 250 samples/sec. Repeat part (b) for this condition.
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(d) Isit possible to choose the sampling rate so that
xr(t) = A+ 2cos(100xt — 7w /4)

where A is a constant? If so, what is the sampling rate f; = 1/T, and what is the
numerical value of A?

4.29. In Figure P4.29, assume that X .(jQ) = 0, |2] > =/T;. For the general case in which

T1 # T, in the system, express y.(7) in terms of x.(z). Is the basic relationship different for
T1>Tpand T < Tp?

C/D D/C
x.(£) f x[n] 1 ye(®)
T L Figure P4.29

4.30. In the system of Figure P4.30, X .(j2) and H (e/®) are as shown. Sketch and label the
Fourier transform of y.(7) for each of the following cases:

(@) 1/T{=1/T, =10*

) 1/T1=1/T, =2 x 10*

(¢) 1Ty =2x10% 1/T, =104
d) 1/7; =10% 1/T, =2 x 10%.

> /D H(eiv) D/C |——
xC(I) * * yc(t)
T, T,
X.(Q)
1
2 X5%x10° 27X 5% 103 Q
H(el®)
1
| |
—aT _ a z ar w
2 2

Figure P4.30
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4.31. Figure P4.31-1 shows the overall system for filtering a continuous-time signal using a
discrete-time filter. The frequency responses of the reconstruction filter H,(j<2) and the
discrete-time filter H (e/®) are shown in Figure P4.31-2.

s0=3 8(t-nT)

| | |
l | | |
| : ' :
|
: )\ Convert from | | Convert to Ideal |
| impulse train | . | : reconstruction |
I \>_</ to discrete-time [ 1 H(el) T impulse filter
X(,(l‘) | X (t) sequence : X [}’l y [Yl] | train ys(z) Hr(]‘Q’) : yr(t)
|
: [ | |
b | e J

Figure P4.31-1

H,(j Q) H(el)
5% 107 1

20 X 104 Q

m
4 4 Figure P4.31-2

(a) For X .(j2) asshown in Figure P4.31-3and 1/T = 20kHz, sketch X (j2) and X (ej“’).

X ()

27 X 10* 27 X 104 Q Figure P4.31-3

For a certain range of values of T, the overall system, with input x.(¢) and output y.(¢),
is equivalent to a continuous-time lowpass filter with frequency response H eff )
sketched in Figure P4.31-4.

He(j Q)

c 0 Figure P4.31-4

(b) Determine the range of values of T for which the information presented in (a) is true
when X .(j2) is bandlimited to |Q] < 27 x 10* as shown in Figure P4.31-3.
(¢) For the range of values determined in (b), sketch 2. as a function of 1/T.

Note: This is one way of implementing a variable-cutoff continuous-time filter using fixed
continuous-time and discrete-time filters and a variable sampling rate.
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4.32. Consider the discrete-time system shown in Figure P4.32-1

where

(i) L and M are positive integers.
n==kL,
otherwise.

(i) xe[n] =

x[n/L]

0

(iii) y[nl = ye[nM].

(iv) H(el®) =

M
0

lo| <

T

b1

)
Z<|a)|§n.

k is any integer

y[n]

Figure P4.32-1

249

(a) Assume that L = 2 and M = 4, and that X(ej“’), the DTFT of x[n], is rgal and is as
shown in Figure P4.32-2. Make an appropriately labeled sketch of X, (e??), Ye(el?),
and Y (e/?), the DTFTs of x.[n], ye[n], and y[n], respectively. Be sure to clearly label

salient amplitudes and frequencies.

X(eiw)

—T

—1/2

w2

o

Y
1S

Figure P4.32-2

(b) Now assume L =2 and M = 8. Determine y[n] in this case.

Hint: See which diagrams in your answer to part (a) change.

4.33. For the system shown in Figure P4.33, find an expression for y[n] in terms of x[n]. Simplify
the expression as much as possible.

x[n]

_>T5

v3

V5

y[n]

$3

Advanced Problems

Figure P4.33

4.34. In the system shown in Figure P4.34, the individual blocks are defined as indicated.

s(t)

—_—]

H(Q)

x(1)

b xq(n] Sys. A ye(t) Jd b yaln]
A K A

T T, () T

Figure P4.34
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4.35.

(a)
(b)

(c)

Chapter 4 Sampling of Gontinuous-Time Signals

1, |1Q<x-1073 rad/sec

H(jQ): H(Q) =
(&) (€) {O, |Q|>71-10’3 rad/sec

o
System A:  ye(t) = Y xglklhy(t — kTy)
k=—00
Second C/D:  y;[n] = y.(nT)
Specify a choice for T, Ty, and k1 (¢) so that y.(¢) and x.(¢) are guaranteed to be equal
for any choice of s(t).
State whether your choice in (a) is unique or whether there are other choices for T,
Ty, and hq (¢) that will guarantee that y. () and x.(¢) are equal. As usual, clearly show
your reasoning.
For this part, we are interested in what is often referred to as consistent resampling.
Specifically, the system A constructs a continuous-time signal y.(¢) from x4[n] the
sequence of samples of x.(¢) and is then resampled to obtain y,;[n]. The resampling is
referred to as consistent if y;[n] = x4[n]. Determine the most general conditions you
canon 7T, Tq, and hq(¢) so that yz[n] = x4[n].

Consider the system shown in Figure P4.35-1. .
For parts (a) and (b) only, X.(jQ2) = 0 for || > 27 x 103 and H (e/?) is as shown in Figure
P4.35-2 (and of course periodically repeats).

(a)
(b)
(c)

Determine the most general condition on 7, if any, so that the overall continuous-time
system from x.(¢) to y.(¢) is LT1.

Sketch and clearly label the overall equivalent continuous-time frequency response
He4(jQ2) that results when the condition determined in (a) holds.

For this part only assume that X.(j2) in Figure P4.35-1 is bandlimited to avoid alias-
ing, i.e., X.(j2) = 0for || > F. For a general sampling period 7', we would like to
choose the system H (¢/¢) in Figure P4.35-1 so that the overall continuous-time system
from x.(¢) to y.(¢) is LTI for any input x.(¢) bandlimited as above. Determine the most
general conditions on H (e/®), if any, so that the overall CT system is LTI. Assum-
ing that these conditions hold, also specify in terms of H (¢/®) the overall equivalent
continuous-time frequency response Hegr(j€2).

x(1) xr[n] x[n] yln] ymln] Yelt)

C/D 42 H(ei) V2 D/C

t

T

~ —

Figure P4.35-1

A H(el)

INE]
N

Figure P4.35-2
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4.36. We have a discrete-time signal, x[n], arriving from a source at a rate of T% samples per

4.37.

4.38.

second. We want to digitally resample it to create a signal y[n] that has le samples per

second, where T, = %T 1

(a) Draw a block diagram of a discrete-time system to perform the resampling. Specify
the input/output relationship for all the boxes in the Fourier domain.

1, n=0

(b) For an input signal x[n] = §[n] = .
0, otherwise,

determine y[n].

Consider the decimation filter structure shown in Figure P4.37-1:

¢2 xo[n] H(2) yoln]
0

* ) xq[n]

> Hy(2)

Figure P4.37-1

where yp[n] and y;[n] are generated according to the following difference equations:

1 ol 1 .
yoln] = Zyo[n —-1]- gxo[n] + gxo[n —1]

1 1
ylnl = 1y1[n 171+ E)q[n]

(a) How many multiplies per output sample does the implementation of the filter structure
require? Consider a divide to be equivalent to a multiply.

The decimation filter can also be implemented as shown in Figure P4.37-2,

x[n] v[n] yln]
—> H(@) f2 —

Figure P4.37-2

where v[n] = av[n — 1] + bx[n] + cx[n — 1].
(b) Determine a, b, and c.
(¢) How many multiplies per output sample does this second implementation require?

Consider the two systems of Figure P4.38.

(a) For M = 2, L = 3, and any arbitrary x[n], will y4[n] = yg[n]? If your answer is yes,
justify your answer. If your answer is no, clearly explain or give a counterexample.
(b) How must M and L be related to guarantee y4[n] = yg[n] for arbitrary x[n]?

System A: ﬂ, Y Wy [”]' ‘L yaln]
xnl wpln] valn]
System B: ——— T L ¢M
Figure P4.38
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4.39. In system A, a continuous-time signal x.(¢) is processed as indicated in Figure P4.39-1.

System A

T T T T T T T T T T T T T T T T T T T T T e e

| I

x(6) | 1 x,. (1) x[n] y[n] ye(1) !
: _I::::1_ C/D M D/C ———T»

i —f, mfe T T :

: T:l 2T :

|

| ¢ |

Figure P4.39-1

(a) If M =2 and x.(¢) has the Fourier transform shown in Figure P4.39-2, determine y[n].
Clearly show your work on this part.

A X(j€)
1

—2mf 2mfe Figure P4.39-2

We would now like to modify system A by appropriately placing additional processing
modules in the cascade chain of system A (i.e., blocks can be added at any point in the
cascade chain—at the beginning, at the end, or even in between existing blocks). All of the
current blocks in system A must be kept. We would like the modified system to be an ideal
LTI lowpass filter, as indicated in Figure P4.39-3.

x.(t) ye(®)

 —— H(jQ) —

Figure P4.39-3

27 fe

H(jQ) =
(&) 0 otherwise

We have available an unlimited number of the six modules specified in the table given in
Figure P4.39-4. The per unit cost for each module is indicated, and we would like the final
cost to be as low as possible. Note that the D/C converter is running at a rate of “27.

(b) Design the lowest-cost modified system if M = 2 in System A. Specify the parameters
for all the modules used.

(c¢) Design the lowest-cost modified system if M = 4 in System A. Specify the parameters
for all the modules used.
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x(t xIn Continuous to Discrete-
@ (] Time Converter

Parameters: T

T Cost : 10
x[n] D/C x(1) Discrete to Continuous Time-
- Converter
Parameters: T
T Cost : 10

Discrete-Time Lowpass Filter

A
x[n]— | | —>y[n] | Parameters: A, T

~alT  @lT Cost : 10

Continuous-Time Lowpass

A
Filt
x(1) = J::I_ > (1) P:ug]rrneterS'A R
—7R o
Cost : 20

Expander
Parameters: L
Cost : 5

Compressor

Parameters: M

Cost:5 Figure P4.39-4

4.40. Consider the discrete-time system shown in Figure P4.40-1.

y[n]

Figure P4.40-1

where
(i) M is an integer.
(i) xeln] = x[n/M] n=kM, kisany integer
0 otherwise.
(iii) y[n] = ye[nM].
M ol <%

. H jo _
(iv) H(e) 0 T<lo<m.

(a) Assume that M = 2 and that X(ej“’), the DTFT of x[n], is real and is as shown
in Figure P4.40-2. Make an appropriately labeled sketch of X,(e/®), Y,(e/®), and
Y (e/?), the DTFTSs of x.[n], ye[n], and y[n], respectively. Be sure to clearly label salient
amplitudes and frequencies.

A X(ei)
1
: : : : >0
- a2 w2 Figure P4.40-2
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(b) For M =2 and X (¢/%) as given in Figure P4.40-2, find the value of

o0

e= D Ixlnl =yl .

n=—0oo

(c) For M = 2, the overall system is LTI. Determine and sketch the magnitude of the
frequency response of the overall system |Heff(€j .

(d) For M = 6, the overall system is still LTI. Determine and sketch the magnitude of the
overall system’s frequency response |Heﬁ—‘(€j @Y.

4.41. (a) Consider the system in Figure P4.41-1 where a filter H(z) is followed by a compressor.
Suppose that H (z) has an impulse response given by:

G osn<un

hln] .
0, otherwise.

(P4.41-1)

[ 2 Lo

Figure P4.41-1

The efficiency of this system can be improved by implementing the filter H(z) and the
compressor using a polyphase decomposition. Draw an efficient polyphase structure
for this system with two polyphase components. Please specify the filters you use.

(b) Now consider the system in Figure P4.41-2 where a filter H(z) is preceded by an ex-
pander. Suppose that H(z) has the impulse response as given in Eq. (P4.41-1).

X [n]_> b3 H(2) _>J’[n]

Figure P4.41-2

The efficiency of this system can be improved by implementing the expander and filter
H (z) using a polyphase decomposition. Draw an efficient polyphase structure for this
system with three polyphase components. Please specify the filters you use.

4.42. For the systems shown in Figure P4.42-1 and Figure P4.42-2, determine whether or not it is
possible to specify a choice for H)(z) in System 2 so that y;[n] = yq[rn] when x;[n] = x1[n]
and Hj(z) is as specified. If it is possible, specify H(z). If it is not possible, clearly explain.

System 1:
H,(z)

Xl[”]_> 12 wi[n] L4 _»M[”]

0] xq[n/2] , n/2integer
wq|n| =
1 , otherwise Figure P4.42-1
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System 2:

Xz["]_» Hy(2) w[n] T2 yaln]

woln/2] , n/2integer
yo[n] = 0 herwi
» otherwise Figure P4.42-2

4.43. The block diagram in Figure P4.43 represents a system that we would like to implement.
Determine a block diagram of an equivalent system consisting of a cascade of LTI systems,
compressor blocks, and expander blocks which results in the minimum number of multipli-
cations per output sample.

Note: By “equivalent system,” we mean that it produces the same output sequence for any
given input sequence.

14 12 1) |2 by 2

Figure P4.43

76
T+z776-2712

4.44. Consider the two systems shown in Figure P4.44.

H(z) =

System A:

xuln] + raln] valn]

H(z) ()
G(z) |-

System B:

xpln] + ~ il o0 ygln]

+ .
()
G(2)
Figure P4.44

where Q(-) represents a quantizer which is the same in both systems. For any given G(z),
can H(z) always be specified so that the two systems are equivalent (i.e., y4[n] = yp(n]
when x4[n] = xp[n]) for any arbitrary quantizer Q(-)? If so, specify H(z). If not, clearly
explain your reasoning.
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4.45. The quantizer Q(-) in the system S; (Figure P4.45-1) can be modeled with an additive noise.
Figure P4.45-2 shows system S,, which is a model for system S

x[n] LPF yln]
— 00) 0, =T M
M Figure P4.45-1 System S;
e[n]
x[n] LPF Lo e[n] = y,[n] +y[n]
w, :/\71

Figure P4.45-2 System Sy

The input x[n] is a zero-mean, wide-sense stationary random process with power spectral
density @, (¢/®) which is bandlimited to /M and we have E [xz[n]] = 1. The additive

noise e[n] is wide-sense stationary white noise with zero mean and variance 0,32. Input and
additive noise are uncorrelated. The frequency response of the low-pass filter in all the
diagrams has a unit gain.

2
(a) For system S, find the signal to noise ratio: SNR = 10log 535 {ZH Note that yy[n] is
the output due to x[n] alone and y,[r] is the output due to e[nj alone.

(b) To improve the SNR owing to quantization, the system of Figure P4.45-3 is proposed:

x[n] yiln] = yidn] + yielnl
@) 1 - 00) wL:PEI t u 1 1 1
1-z ‘M
-N

Figure P4.45-3

where N > Oisaninteger suchthatw N << M. Replace the quantizer with the additive
model, as in Figure P4.45-4. Express y1,[r] in terms of x[r] and y{.[n] in terms of e[n].

— 0() b—— d[n] q[n]

Figure P4.45-4

(c) Assume that e[n] is a zero mean wide-sense stationary white noise that is uncorrelated
with input x[n]. Is y1,[n] a wide-sense stationary signal? How about y;[2]? Explain.

(d) Is the proposed method in part (b) improving the SNR? For which value of N is the
SNR of the system in part (b) maximized?
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4.46. The following are three proposed identities involving compressors and expanders. For each,
state whether or not the proposed identity is valid. If your answer is that it is valid, explicitly
show why. If your answer is no, explicitly give a simple counterexample.

(a) Proposed identity (a):

— |2 Half-sample delay |—>

U

{2 —

Figure P4.46-1

(b) Proposed identity (b):

7! z
— * 2 hln] f 2
z 772
— |2 hln +1] > {2 [
Figure P4.46-2

(c) Proposed identity (c):

—] L > A

— A TL—»-

Figure P4.46-3

where L is a positive integer, and A is defined in terms of X (e/®) and Y (e/®) (the
respective DTFTs of A’s input and output) as:

x[n] ylnl]
A

Y (i) = (X (el) " Figure P4.46-4
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4.47. Consider the system shown in Figure P4.47-1 for discrete-time processing of the continuous-
time input signal g (7).

o1 Ideal b-T Ideal
8.(1) T | X cal | x[n] | el ca ye(®)
—— S C/D D/C p——
ystem Conv Syste_m Conv
Haa(jQ) ’ Hl(e]w) ’
T T Figure P4.47-1

The continuous-time input signal to the overall system is of the form g.(t) = f.(¢) + ec(t)
where f.(t) is considered to be the “signal” component and e.(¢) is considered to be an
“additive noise” component. The Fourier transforms of f.(t) and e.(¢) are as shown in
Figure P4.47-2.

A F(jQ) E(jQ)
A

Q Q
—4007r 4007 —4007 4007 Figure P4.47-2

Since the total input signal g.(¢) does not have a bandlimited Fourier transform, a zero-
phase continuous-time antialiasing filter is used to combat aliasing distortion. Its frequency
response is given in Figure P4.47-3.

Haa(jQ) =

1 - 1QI/(8007) 1Ql < 8007
0 1Ql > 8007

1

8007 —400 4007 8007 Figure P4.47-3

(a) If in Figure P4.47-1 the sampling rate is 2z /T = 1600x, and the discrete-time system
has frequency response

; 1 lw| < /2
Joy —
Hy(e )_{0 n/2 <|w| <m

sketch the Fourier transform of the continuous-time output signal for the input whose
Fourier transform is defined in Figure P4.47-2.

(b) If the sampling rate is 277/ T = 16007, determine the magnitude and phase of Hj (¢/®)
(the frequency response of the discrete-time system) so that the output of the system
in Figure P4.47-11s y.(t) = f.(t — 0.1). You may use any combination of equations or
carefully labeled plots to express your answer.
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(c) It turns out that since we are only interested in obtaining f.(¢) at the output, we
can use a lower sampling rate than 27/7T = 1600 while still using the antialiasing
filter in Figure P4.47-3. Determine the minimum sampling rate that will avoid aliasing
distortion of F,.(j£2) and determine the frequency response of the filter H;(e/®) that
can be used so that y.(r) = f.(¢) at the output of the system in Figure P4.47-1.

(d) Now consider the system shown in Figure P4.47-4, where 2n/T = 1600z, and the
input signal is defined in Figure P4.47-2 and the antialiasing filter is as shown in Figure

P4.47-3.

C-T D-T

8c(1) L | x| 1deal | x[n] v[n] LTI yln]
—> C/D 43 —
ystem C System
H(la(iQ) o HZ(eiw)
T Figure P4.47-4 Another System Block Diagram
where
o[n] = x[n/3] n=20,43, 46, ...
10 otherwise

What should H, (ej @) be if it is desired that y[n] = f.(nT/3)?

4.48. (a) A finite sequence b[n] is such that:
B(z) + B(—z) =2¢, ¢ #0.
Explain the structure of b[n]. Is there any constraint on the length of b[n]?
(b) Isit possible to have B(z) = H(z)H(z_l)? Explain.
(c) Alength-N filter H(z) is such that,
H@QHGC Y+ H(-2H(-zY) =c. (P4.48-1)
Find G((z) and G (z) such that the filter shown in Figure P4.48 is LTI:

H(z) V2 42 Gy(2)
MNH(-z ) y2 b2 Gi(2)
Figure P4.48

(d) For G((z) and G1(z) given in part (c), does the overall system perfectly reconstruct the
input? Explain.

4.49. Consider the multirate system shown in Figure P4.49-1 with input x[n] and output y[n]:

Hyel®) §2 Qole) f2 Hy(el?)

x[n] y[n]

Hy(el) §2 Qi(e/) }2 Hy(el)

Figure P4.49-1
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wherg QO(ej @) and Q1 (ej @) are the frequency responses of two LTI systems. H (ej @) and
Hj(e/?) are ideal lowpass and highpass filters, respectively, with cutoff frequency at /2 as
shown in Figure P4.49-2:

A Hy(ei®)
1
: i o
-2 —77/2 /2 T
A Hi(e®)
1
T J > w
-2 —m/2 /2 ™ Figure P4.49-2

The overall system is LTI if Qg(e/®) and Q1 (e/®) are as shown in Figure P4.49-3:

A Qqlei®)
1
T T > W
-2 —17/2 /2 T
A Oq(ei®)
1
- I
-2 —m/2 /2 ™ Figure P4.49-3

For these choices of Qo(ej @) and Ql(ej @), sketch the frequency response
Y (e/®)

Gl = X ()

of the overall system.
4.50. Consider the QMF filterbank shown in Figure P4.50:

Hy(2) > |2 > 12 > Go(2) = Ho(2)
y[n]
Hy(z) = Hy(-2) V2 $2 Gy(z) =—Hy(2)
Figure P4.50
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The input-output relationship is Y (z) = T (z) X (z), where
1 _
T(@) = 5 (Hy (@) = Hy (~2) = 2~ EgP) Ey (%)
and Eg(z2), Eq (z2) are the polyphase components of H(z).

Parts (a) and (b) are independent.
(a) Explain whether the following two statements are correct:

(al) If Hy(z) is linear phase, then 7' (z) is linear phase.

(a2) If E((z) and E{(z) are linear phase, then 7'(z) is linear phase.
(b) The prototype filter is known, hg[n] = 8[n] + §[n — 1] + %B[n -2

(b1) What are hq[n], goln] and gq1[n]?
(b2) What are e[n] and eq[n]?
(b3) What are T'(z) and ¢[n]?

Consider the system in Figure 4.10 with X »(j2) = 0 for |2| > 27(1000) and the discrete-
time system a squarer, i.e., y[n] = xz[n]. What is the largest value of T such that

ye(t) = x2(1)?
In the system of Figure P4.52,

Xc(j) =0, 12| >7/T,
and
joy _ [T, ol <n/L,
H(e™) 0, /L < |ow| <.
How is y[n] related to the input signal x.(¢)?
C/D ‘L H(el®) vL
x.(2) x[n] =x.(nT) yln]

~ —

Figure P4.52

Extension Problems

4.53. In many applications, discrete-time random signals arise through periodic sampling of

continuous-time random signals. We are concerned in this problem with a derivation of
the sampling theorem for random signals. Consider a continuous-time, stationary, random
process defined by the random variables {x,(#)}, where ¢ is a continuous variable. The
autocorrelation function is defined as

Pxexe (1) = E(xOx™(t + 1)},

and the power density spectrum is
[e¢) .
Prox. () = / $xox (VeI dr,
—0o0

A discrete-time random process obtained by periodic sampling is defined by the set of
random variables {x[n]}, where x[n] = x,(nT ) and T is the sampling period.
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(a) What is the relationship between ¢y [n] and ¢y, x.(7)?

(b) Express the power density spectrum of the discrete-time process in terms of the power
density spectrum of the continuous-time process.

(c¢) Under what condition is the discrete-time power density spectrum a faithful represen-
tation of the continuous-time power density spectrum?

4.54. Consider a continuous-time random process x.(¢) with a bandlimited power density spec-
trum Py (€2) as depicted in Figure P4.54-1. Suppose that we sample x.(t) to obtain the
discrete-time random process x[n] = x.(nT ).

Prexe ()

-0, Q Q' Figure P4.54-1

(a) What is the autocorrelation sequence of the discrete-time random process?

(b) For the continuous-time power density spectrum in Figure P4.54-1, how should T be
chosen so that the discrete-time process is white, i.e., so that the power spectrum is
constant for all w?

(c¢) If the continuous-time power density spectrum is as shown in Figure P4.54-2, how
should T be chosen so that the discrete-time process is white?

Q Figure P4.54-2

(d) What is the general requirement on the continuous-time process and the samplin
g q p pling
period such that the discrete-time process is white?

4.55. This problem explores the effect of interchanging the order of two operations on a signal,
namely, sampling and performing a memoryless nonlinear operation.

(a) Consider the two signal-processing systems in Figure P4.55-1, where the C/D and D/C
converters are ideal. The mapping g[x] = x2 represents a memoryless nonlinear device.
For the two systems in the figure, sketch the signal spectra at points 1, 2, and 3 when
the sampling rate is selected to be 1/T = 2 f;;, Hz and x.(¢) has the Fourier transform
shown in Figure P4.55-2. Is y1 (r) = y(¢)? If not, why not? Is y (¢) = x2(1)? Explain
your answer.

IPR2023-01014
Nielsen Company EX2014 Page 113



Chapter 4 Problems 263

System 1:

x[n]
C/D glx] = x? D/C f—>

xe(0) @ @ G »o

~ —
~ —

System 2:
— g[x] =2 O e P e b
(1) ©) ©) B »0

~ —
~ >

Figure P4.55-1

XGQ)

—2afy 0 27y, Q Figure P4.55-2

(b) Consider System 1, and let x(#) = A cos (307¢). Let the sampling rate be 1/T = 40 Hz.
Isy;(t) = xg(t)? Explain why or why not.

(¢) Consider the signal-processing system shown in Figure P4.55-3, where g[x] = x3
and g’l[v] is the (unique) inverse, i.e., g’l[g(x)] = x. Let x(t) = A cos (30zt) and
1/T = 40 Hz. Express v[n] in terms of x[n]. Is there spectral aliasing? Express y[n] in
terms of x[n]. What conclusion can you reach from this example? You may find the
following identity helpful:

cos’ Qot = %cos Qot + % cos 3Qq¢.

—>| glx] =¥’ oD gl =
xe(1) ve(0) v[n] y[nl]

~N =

Figure P4.55-3

(d) One practical problem is that of digitizing a signal having a large dynamic range. Sup-
pose we compress the dynamic range by passing the signal through a memoryless
nonlinear device prior to A/D conversion and then expand it back after A/D conver-
sion. What is the impact of the nonlinear operation prior to the A/D converter in our
choice of the sampling rate?

4.56. Figure 4.23 depicts a system for interpolating a signal by a factor of L, where

(] = x[n/L], n=0, £L, +2L ,etc...,
Yeltl =1, otherwise,

and the lowpass filter interpolates between the nonzero values of x.[r] to generate the
upsampled or interpolated signal x; [r]. When the lowpass filter is ideal, the interpolation is
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referred to as bandlimited interpolation. As indicated in Section 4.6.3, simple interpolation
procedures are adequate in many applications. Two simple procedures often used are zero-
order-hold and linear interpolation. For zero-order-hold interpolation, each value of x[n]
is simply repeated L times; i.e.,
xe[0], n=01,...,L—1,
xe[L], n=L, L+1,...,2L -1,
Xilnl =19 201, n=2L,2L+1,...,

Linear interpolation is described in Section 4.6.2.

(a) Determine an appropriate choice for the impulse response of the lowpass filter in
Figure 4.23 to implement zero-order-hold interpolation. Also, determine the corre-
sponding frequency response.

(b) Equation (4.91) specifies the impulse response for linear interpolation. Determine the
corresponding frequency response. (You may find it helpful to use the fact that hj;, [n]
is triangular and consequently corresponds to the convolution of two rectangular se-
quences.)

(c) Sketch the magnitude of the filter frequency response for zero-order-hold and linear
interpolation. Which is a better approximation to ideal bandlimited interpolation?

We wish to compute the autocorrelation function of an upsampled signal, as indicated in
Figure P4.57-1. It is suggested that this can equivalently be accomplished with the system
of Figure P4.57-2. Can Hz(ej“)) be chosen so that ¢3[m] = ¢1[m]? If not, why not? If so,
specify Hy(e/®).

Ideal lowpass
ﬁL >| filter cutoff Autocorrelate f———> =
x[n] x,[n] /L x;[n] d1lm] = Y x;[n+m]x;[n]
n=—o

Figure P4.57-1

————> Autocorrelate ﬁ L H,(el®)

x[n] by[m] boe[m] ¢s[m] " Figure P4.57-2

We are interested in upsampling a sequence by a factor of 2, using a system of the form of
Figure 4.23. However, the lowpass filter in that figure is to be approximated by a five-point
filter with impulse response i[n] indicated in Figure P4.58-1. In this system, the output y{[n]
is obtained by direct convolution of A[n] with w[n].

12 hin]
x[n] win] »lnl - Figure P4.58-1
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(a) A proposed implementation of the system with the preceding choice of 4[n] is shown
in Figure P4.58-2. The three impulse responses 41 [n], hy[n], and h3[n] are all restricted
to be zero outside the range 0 < n < 2. Determine and clearly justify a choice for
hqlnl, hp[n], and h3[n] so that y{[n] = y,[n] for any x[n], i.e., so that the two systems

are identical.

hy[n]

42

42

wy[n

hs[n]

w3[n]

Figure P4.58-2

(b) Determine the number of multiplications per output point required in the system of
Figure P4.58-1 and in the system of Figure P4.58-2. You should find that the system of
Figure P4.58-2 is more efficient.

4.59. Consider the analysis—synthesis system shown in Figure P4.59-1. The lowpass filter Ag[n]
is identical in the analyzer and synthesizer, and the highpass filter /11[#] is identical in the
analyzer and synthesizer. The Fourier transforms of 4g[n] and kq[n] are related by

H{(e!®) = Hy(ed @),

|
|
holn) 2 | 12 holn)
i e Il P IR v Ml v
LPF I LPF \+
— ' +
x[n] | C/_ yln] = yoln] -y [}
|
hy[n] V2 : 2 hy[n]
il PY] A Y Al P G P
HPF | HPF
|
Analyzer : Synthesizer

Figure P4.59-1

(a) If X (e/?)and H O(ej @) are as shown in Figure P4.59-2, sketch (to within a scale factor)
X 0(e7?), Go(el®), and Y (e ®).

(b) Write a general expression for G (e/?)interms of X (¢/®)and H 0 (e/?). Do not assume
that X (¢/®) and Ho(ejw) are as shown in Figure P4.59-2.
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X(el®)
- 0 T ®
Hy(e”)
1
\ \ \
-2 -T T 0 T T ®
2 2 Figure P4.59-2

(¢) Determine a set of conditions on H O(ej @) that is as general as possible and that will
guarantee that |Y (e/?)| is proportional to | X (¢/®)| for any stable input x[n].

Note: Analyzer—synthesizer filter banks of the form developed in this problem are very
similar to quadrature mirror filter banks. (For further reading, see Crochiere and Rabiner
(1983), pp. 378-392.)

Consider a real-valued sequence x[n] for which
X =0 Z=<lol=m

One value of x[n] may have been corrupted, and we would like to approximately or exactly
recover it. With X[n] denoting the corrupted signal,

A

X[n] = x[n] for n # ny,

and %[ng] is real but not related to x[ng]. In each of the following three cases, specify a
practical algorithm for exactly or approximately recovering x[n] from %[n]:

(a) The value of ng is known.
(b) The exact value of ng is not known, but we know that n( is an even number.
(¢) Nothing about n( is known.

Communication systems often require conversion from time-division multiplexing (TDM)
to frequency-division multiplexing (FDM). In this problem, we examine a simple example
of such a system. The block diagram of the system to be studied is shown in Figure P4.61-1.
The TDM input is assumed to be the sequence of interleaved samples

x1[n/2] for n an even integer,
wln] =
xp[(n—1)/2] for n an odd integer.

Assume that the sequences x1[n] = x.1(nT ) and x3[n] = x.(nT ) have been obtained by
sampling the continuous-time signals x. (f) and x.; (¢), respectively, without aliasing.
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x1[n]
TDM
wln] demultiplex
TDM
signal

Modulator 1

x;[n]

Modulator 2

y2[n]

267

Figure P4.61-1

Assume also that these two signals have the same highest frequency, Qy, and that the

sampling periodis T = 7/ Q.

(a) Draw a block diagram of a system that produces x{ [n] and x;[n] as outputs; i.e., obtain
a system for demultiplexing a TDM signal using simple operations. State whether or
not your system is linear, time invariant, causal, and stable.

The k™ modulator system (k = 1 or 2) is defined by the block diagram in Figure
P4.61-2. The lowpass filter H; (e/®), which is the same for both channels, has gain L and
cutoff frequency 77/L, and the highpass filters Hy (¢/®) have unity gain and cutoff frequency
wg. The modulator frequencies are such that

wy) =w;+7m/L

and

wy+n/L<m

‘L

xi[n]

Hj(el?)

Hy(elv)

LPF

-9~

COS wyn

HPF

(assume wq > 7/2).

yiln]

Figure P4.61-2

(b) Assume that Qy =27 x 5 x 103. Find w1 and L so that, after ideal D/C conversion
with sampling period 7'/ L, the Fourier transform of y.(¢) is zero, except in the band of

frequencies

27 x 10° < |w| <27 x 10° +2Qy.

(c) Assume that the continuous-time Fourier transforms of the two original input signals
are as sketched in Figure P4.61-3. Sketch the Fourier transforms at each point in the

system.

Xa(G)

X))

_QN

Qy Q

_QN

Oy Q Figure P4.61-3

(d) Based on your solution to parts (a)—(c), discuss how the system could be generalized
to handle M equal-bandwidth channels.

IPR2023-01014

Nielsen Company EX2014 Page 118



268

Chapter 4 Sampling of Gontinuous-Time Signals

4.62. In Section 4.8.1, we considered the use of prefiltering to avoid aliasing. In practice, the

antialiasing filter cannot be ideal. However, the nonideal characteristics can be at least
partially compensated for with a discrete-time system applied to the sequence x[n] that is
the output of the C/D converter.

Consider the two systems in Figure P4.62-1. The antialiasing filters H;ge,1(j€2) and
Haa(j2) are shown in Figure P4.62-2. H (e/®) in Figure P4.62-1 is to be specified to com-
pensate for the nonideal characteristics of H33(j2).

Sketch H (e/®) so that the two sequences x[n] and w([n] are identical.

System 1:
—> Higeal /) <D
xe(1) X (1) T x[n]
T
System 2:
—> H,,(jQ) C/D H(el)
xe(1) wo (1) wln]

~—

Figure P4.62-1

1 Higeal G
_m 7 O
T T
H,y,(j2)
1
|
_ —Q, Q, 0

e

Figure P4.62-2

4.63. Asdiscussed in Section 4.8.2, to process sequences on a digital computer, we must quantize

the amplitude of the sequence to a set of discrete levels. This quantization can be expressed
in terms of passing the input sequence x[n] through a quantizer Q(x) that has an input—
output relation as shown in Figure 4.54.

As discussed in Section 4.8.3, if the quantization interval A is small compared with
changes in the level of the input sequence, we can assume that the output of the quantizer
is of the form

y[n] = x[n] + e[n],

where e[n] = Q (x[n]) — x[n] and e[n] is a stationary random process with a 18t order
probability density uniform between —A /2 and A /2, uncorrelated from sample to sample
and uncorrelated with x[n], so that E{e[n]x[m]} = O for all m and n.
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Let x[n] be a stationary white-noise process with zero mean and variance 03.

(a) Find the mean, variance, and autocorrelation sequence of e[n].

(b) What is the signal-to-quantizing-noise ratio J)% /082?

(¢) The quantized signal y[n] is to be filtered by a digital filter with impulse response
h[n] = %[a” + (—a)"Ju[n]. Determine the variance of the noise produced at the output
due to the input quantization noise, and determine the SNR at the output.

In some cases we may want to use nonlinear quantization steps, for example, logarithmically

spaced quantization steps. This can be accomplished by applying uniform quantization to

the logarithm of the input as depicted in Figure P4.63, where Q[-] is a uniform quantizer as
specified in Figure 4.54. In this case, if we assume that A is small compared with changes in
the sequence In(x[n]), then we can assume that the output of the quantizer is

In(y[n]) = In(x[n]) + e[n].
Thus,
y[n] = x[n] - exp(e[n]).
For small e, we can approximate exp(e[n]) by (1 + e[n]), so that
y[n] ~ x[n](1 + e[n]) = x[n] + f[n]. (P4.63-1)

This equation will be used to describe the effect of logarithmic quantization. We assume
e[n] to be a stationary random process, uncorrelated from sample to sample, independent
of the signal x[n], and with 15t-order probability density uniform between +A /2.

In[:] ol g
P Y G || v Figure P4.63

(d) Determine the mean, variance, and autocorrelation sequence of the additive noise f[n]
defined in Eq. (4.57).
(e) Whatisthe signal-to-quantizing-noise ratio o)% /o]% ? Note that in this case a)% /aj% isinde-

pendent of a%. Within the limits of our assumption, therefore, the signal-to-quantizing-
noise ratio is independent of the input signal level, whereas, for linear quantization,
the ratio o2 /02 depends directly on o 2.

(f) The quantized signal y[n] is to be filtered by means of a digital filter with impulse
response hln] = %[a” + (—a)"*]u[n]. Determine the variance of the noise produced at
the output due to the input quantization noise, and determine the SNR at the output.

Figure P4.64-1 shows a system in which two continuous-time signals are multiplied and
a discrete-time signal is then obtained from the product by sampling the product at the
Nyquist rate; i.e., y;[n] is samples of y.(¢f) taken at the Nyquist rate. The signal xq(¢) is
bandlimited to 25 kHz (X 1(j) = 0 for |Q| > 57 x 10%), and x,(¢) is limited to 2.5 kHz
(X,(j2) = 0for | > (7/2) x 10%).

x1(t)

ye(t) yi[n] =y (nT)
Lol e |
(1) T
T = Nyquist rate Figure P4.64-1
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In some situations (digital transmission, for example), the continuous-time signals have
already been sampled at their individual Nyquist rates, and the multiplication is to be
carried out in the discrete-time domain, perhaps with some additional processing before
and after multiplication, as indicated in Figure P4.64-2. Each of the systems A, B, and C
either is an identity or can be implemented using one or more of the modules shown in
Figure P4.64-3.

x1(1) xq[n] wi[n]
—> C/D A
T, =2 X10%sec G() > ¥2(n]
500 ol waln]
—>| ¢/ > B
fam2 210 e Figure P4.64-2
sl | i
Module I > TL gln] = {‘ [n/L] n=0,L, '2L,
0 otherwise
s[n]
Module IT > LM > g[n] = s[nM]
s[n] 1| H(e™)
Module IIT  ——> | | — > g[n]
S Figure P4.64-3

For each of the three systems A, B, and C, either specify that the system is an identity
system or specify an appropriate interconnection of one or more of the modules shown in
Figure P4.64-3. Also, specify all relevant parameters L, M, and w.. The systems A, B, and
C should be constructed such that y,[n] is proportional to yq[r], i.e.,

nnl = kyiln] = kyc(nT) = kx1(nT ) x xo(nT ),

and these samples are at the Nyquist rate, i.e., yp[r] does not represent oversampling or
undersampling of y. ().

Suppose s¢(¢) is a speech signal with the continuous-time Fourier transform S, (j2) shown
in Figure P4.65-1. We obtain a discrete-time sequence s,[n] from the system shown in
Figure P4.65-2, where H (¢/®) is an ideal discrete-time lowpass filter with cutoff frequency
wc and a gain of L throughout the passband, as shown in Figure 4.29(b). The signal s,[n]
will be used as an input to a speech coder, which operates correctly only on discrete-time
samples representing speech sampled at an 8-kHz rate. Choose values of L, M, and o, that
produce the correct input signal s, [n] for the speech coder.
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S/

|
=277 + 4000 0 2m 4000 ((rad/s) Figure P4.65-1

s.() —| ¢/ o, o ] H(e) i \M s

T

T=(1/44.1) ms
Figure P4.65-2

4.66. In many audio applications, it is necessary to sample a continuous-time signal x.(#) at
a sampling rate 1/T = 44 kHz. Figure P4.66-1 shows a straightforward system, includ-
ing a continuous-time antialias filter H,¢(j<2), to acquire the desired samples. In many
applications, the “4x oversampling” system shown in Figure P4.66-2 is used instead of the
conventional system shown in Figure P4.66-1. In the system in Figure P4.66-2,

i 1, ol <m/4,
joy —
H(e™) = [0, otherwise,
—| H,(j) > C/D
x.(t) x[n]
(1/T) =44 kHz Figure P4.66-1

is an ideal lowpass filter, and

. I 19l =Qp,

for some 0 < Q) < Q < o0.

—| 1,0 c/D H(el) va
x,(f) x[n]
(1/T) = 4 44 kHz = 176 kHz Figure P4.66-2

Assuming that H (e/?) is ideal, find the minimal set of specifications on the antialias filter
H;1(jR), i.e., the smallest 2, and the largest Q;, such that the overall system of Fig-
ure P4.66-2 is equivalent to the system in Figure P4.66-1.
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4.67. In this problem, we will consider the “double integration” system for quantization with
noise shaping shown in Figure P4.67. In this system,

z
H1(z)=1 — and Hz(z)z1

and the frequency response of the decimation filter is

; 1, |o|l<=a/M,
Jwy
H3(e™™) = {0, /M < |w| <.

The noise source e[n], which represents a quantizer, is assumed to be a zero-mean white-
noise (constant power spectrum) signal that is uniformly distributed in amplitude and has
noise power o2 = A%/12.

H(2) (— ) /LM Hy(2) SV
h wn] v[n] = w[Mn]

(a)

(b)

(c)
(d)

(e)

Figure P4.67

Determine an equation for Y (z) in terms of X (z) and E(z). Assume for this part that
E(z) exists. From the z-transform relation, show that y[n] can be expressed in the form
y[n] = x[n — 1]+ f[n], where f[n] is the output owing to the noise source e[n]. What
is the time-domain relation between f[n] and e[n]?

Now assume that e[n] is a white-noise signal as described prior to part (a). Use the
result from part (a) to show that the power spectrum of the noise f[n] is

Prp(el®) = 1602 sin*(w/2).

What is the fotal noise power (ajzp) in the noise component of the signal y[n]? On the

same set of axes, sketch the power spectra Pe.(¢/®) and Prr (e/?) for0 < w < 7.
Now assume that X (e/®) = 0 for 7/M < w < 7. Argue that the output of H3(z) is
wln] = x[n — 1] 4 g[n]. State in words what g[n] is.

Determine an expression for the noise power ag at the output of the decimation filter.
Assume that7/M < m,i.e., M islarge, so that you can use a small-angle approximation
to simplify the evaluation of the integral.

After the decimator, the output is v[n] = w[Mn] = x[Mn — 1] + g[n], where g[n] =
g[Mn]. Now suppose that x[n] = x.(nT) (i.e., x[n] was obtained by sampling a
continuous-time signal). What condition must be satisfied by X .(j2) so that x[n — 1]
will pass through the filter unchanged? Express the “signal component” of the output
v[n] in terms of x.(¢). What is the total power ag of the noise at the output? Give an
expression for the power spectrum of the noise at the output, and, on the same set of
axes, sketch the power spectra P, (ej “) and Py, (ej N for0<w<m.

4.68. For sigma-delta oversampled A/D converters with high-order feedback loops, stability be-
comes a significant consideration. An alternative approach referred to as multi-stage noise
shaping (MASH) achieves high-order noise shaping with only 1%t-order feedback. The
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structure for 2"d-order MASH noise shaping is shown in Figure P4.68-2 and analyzed in
this problem.

Figure P4.68-1 is a 15t-order sigma-delta (£ — A) noise shaping system, where the
effect of the quantizer is represented by the additive noise signal e[n]. The noise e[n] is
explicitly shown in the diagram as a second output of the system. Assume that the input
x[n] is a zero-mean wide-sense stationary random process. Assume also that e[n] is zero-
mean, white, wide-sense stationary, and has variance %2- e[n] is uncorrelated with x[n].

(a) For the system in Figure P4.68-1, the output y[n] has a component yy[n] due only to
x[n] and a component y.[n] due only to e[n], i.e., y[n] = yx[n] + ye[n].
(i) Determine yy[n] in terms of x[n].
(ii) Determine Py, (w), the power spectral density of y.[n].

>-A
: Quantizer :
[——————= |
| e 1
| | o
L~ 21 | | |
L + — + L
T i S e
I I
I I
| e 1
e[n] Figure P4.68-1
—_ S _A Z—l
x[n] yiln]
eq[n]
+
S-A 1-z71 +
Valn] ~
e[n] Figure P4.68-2

(a) Thesystem of Figure P4.68 is now connected in the configuration shown in Figure P4.68,
which shows the structure of the MASH system. Notice that eq[r] and ep[n] are the
noise signals resulting from the quantizers in the sigma-delta noise shaping systems. The
output of the system r[n] has a component r,[n] owing only to x[n], and a component
re[n] due only to the quantization noise, i.e., r[n] = ry[n]+re[n]. Assume that e1[n] and
ep[n] are zero-mean, white, wide-sense stationary, each with variance oez. Also assume
that e [n] is uncorrelated with e, [n].

(i) Determine ry[n] in terms of x[n].
(ii) Determine P, (w), the power spectral density of r¢[n].
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