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E(C3492 — Digital Signal Processing IV Semester

UNIT - IV FINITE WORD LENGTH EFFECTS

1. Represent the following numbers in floating point format with five bits in mantissa
and three bits in exponent. (8) [M/J — 13 RO08]
a) 7o
b) 0.2549
¢) —Llio
d) —0.251
Solution:
a) 7o
(7)10 = 0.875x 23 = 0.1110 x 2011
b) 0.2549
(0.25);0 = 0.125 x 21 = 0.0010 x 2001
c) —1p
Assume sign magnitude representation for negative number
(—1);0 = —0.5x 21 = 1.1000 x 2°°1
d) —0.255
Assume sign magnitude representation for negative number

(=0.25);, = —0.125 x 21 = 1.0010 x 2°01

2. Distinguish between fixed point and floating point arithmetic. (4)
[N/D - 11 R08] [M/J — 12 R08]

S.No. Fixed Point Arithmetic Floating Point Arithmetic

1 Fast Operation Slow Operation

. . More expensive because of costlier
2 Relatively economical

hardware
3 | Small dynamic range Increased dynamic range
4 Round off error occur only for | Round off errors can occur with both
additions additions and multiplication
5 | Overflow occur in addition Overflow does not arise
6 Used in small computers Used in general purpose computers
Department of Electronics and Communication Engineering 1
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3. Discuss the various common methods of quantization. (8) [N/D — 13 R08]
The common methods of quantization are
i.  Truncation
ii.  Rounding
Truncation:

Truncation is process of reducing the size of binary number by discarding all bits
less significant than the least significant bit that is retained. In the truncation of a binary
number to b bits, all the less significant bits beyond b™ bit are discarded.

Examples:

I.  The 8 bit binary number 0.00110011 may be truncated to 4 bits as 0.0011
ii.  The 8 bit binary number 1.01001001 may be truncated to 4 bits as 1.0100

When a number is truncated, the signal value is approximated by the highest quantization
level that is not greater than the signal.

Rounding:

Rounding is the process of reducing the size of a binary number to finite word
size of b bits such that, the rounded b bit number is closest to the original unquantized

number.
Examples:
i.  The binary number 0.11010 may be rounded to three bits as either 0.110 or
0.111.

ii.  If the binary number 0.110111111 is rounded to 8 bits then the result may be
0.11011111 or 0.1210000.

Rounding up or down will have negligible effect on accuracy of computation.

4. Explain the errors due to rounding and truncation. [N/D - 10 R08]
Explain the problems due to round off and truncation in converting a decimal
fraction. (8) [N/D — 10 R08]
Compare the truncation and rounding errors using fixed point and floating point
representation. (8) [M/J — 14 RO8]

Rounding or truncation introduces an error whose magnitude depends on the number
of bits truncated or rounded-off. Also, the characteristics of the error depend on the form

of binary number representation.

Consider a number x, whose original length is ‘L’ bits, as shown below.

Department of Electronics and Communication Engineering 2
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E(C3492 — Digital Signal Processing IV Semester
Sign 0 1 2 L-1
bit
X = X [ X[ X [X | .. X

Let this number be quantized (truncated or rounded) to ‘B’ bits, as shown below.
Sign 0 1 2 B-1
bit

Q) = X | X | XX X

The quantized number is represented as Q(x). Here B < L.

i)  Truncation error for sign magnitude representation:

When the number X is positive, truncation results in reducing the magnitude of
the number. Thus the truncation error is negative and the range is given by,

—2 -2 <e <0 (1)
The largest error occurs when all the discarded bits are one’s.

When the number X is negative, truncation results in reducing the magnitude
of the number. Because of the negative number the resulting will be greater than the
original number. Thus the truncation error is positive and the range is given by,

0<e<@E-270H 2)
The overall range for the sign magnitude representation is
2 BF-2<e<@27B-27D 3)
i) Truncation error for two’s complement representation:

When the number X is positive, truncation results in reducing the magnitude of
the number as in the case of sign magnitude numbers. Thus the truncation error is
negative. When the number x is negative, truncation results in smaller number. Thus
the truncation error is negative. The complete range of truncation error for two’s
complement is given by,

—(27 B2 <e <0 4)
iii) Round-off error for sign magnitude and two’s complement representation:

The rounding of a binary number involves only the magnitude of the number
and is independent of the type of fixed point binary representation. The error due to
rounding may be either positive or negative. Its range is

(Z_B—Z_L) (Z_B—Z_L)
e <é¢g < — (5)

Department of Electronics and Communication Engineering 3
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E(C3492 — Digital Signal Processing IV Semester
1 QW) A Q(x) AQ(x)
2-81 2-B 2-8
2‘5/2 i AIJ_'__ 2-8 ; 2-8 ;
(a) Rounding (b) Truncation in 2's (c) Truncation in
complement sign magnitude

Fig. 1  Quoantization Error in Rounding and Truncation

In most of the applications, infinite precision is assumed i.e., L = o
Therefore,
i)  Truncation error for sign magnitude representation

—2B<e <278
i) Truncation error for two’s complement representation

—2B<e <0
iii) Rounding error for sign magnitude and two’s complement representation

—27B 2B
<er<—
<er < 5

5. What is quantization noise? Derive the expression for quantization noise power.

(12) [M/J - 12 R08]
What is meant by quantization? Derive the expression for the quantization error.

[N/D - 12 RO08]
Explain the quantization noise and derive the expression for finding quantization
noise power. (8) [N/D — 10 R08]

QUANTIZATION:

In DSP, the continuous time input signals are converted into digital using ADC. The
process of converting analog signal to digital signal is given below.

X(t) x(n) : Xq(n)
Sampler > Quantizer

The signal x(t) is sampled at regular intervals t = nT, wheren = 0,1, 2, .... to
create a sequence x(n). This is done by a sampler. The numeric equivalent of each
sample x(n) is expressed by a finite number of bits giving the sequence x,(n). The

Department of Electronics and Communication Engineering 4
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difference signal e(n) = x,(n) — x(?) is called quantization noise or A/D conversion
noise.

The common methods of quantization are

1) Truncation
2) Rounding

EXPRESSION FOR QUANTIZATION NOISE POWER:
Input quantization error:
The quantization error is given by
e = x)n {xn
where
xq(n) = sampled quantization value
x(n) = sampled unquantized value

Depending on the way in which §)ns quantized different distributions of
quantization noise may be obtained. If rounding is used, the error signal satisfies the
relation
278 278

> <eM ST

The other type of quantization can be obtained by truncation. In truncation the signal
is represented by the highest level that is not greater than the signal. In two’s
complement truncation, the error € yis always negative and satisfies the inequality,

—28<e(n <0
Steady state input noise power:

The quantization error is commonly viewed as an additive noise signal, that is

xgh = On +0en

The A/D converter output is the sum of the input signal x(7) and the error signal e(n)
as shown below.

] Sampler x(n) = xlaT) Cuantizer ; ol
ia)
i{[[] }i.[ﬂ]=}i.[|'l].-:| f/’--h\'l Xq[ﬂ]=x[|'|]+fl:l'l:l
————— Sampler Lo+
M
(ki e(n
Department of Electronics and Communication Engineering 5
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If rounding is used for quantization error e(n) = x,(n) — x(n) is bounded by
~ <e(n) < ?

The error e(n) has the following properties:
1. The error sequence e(n) is a sample sequence of a stationary random process.
2. The error sequence is uncorrelated with x(n) and other signals in the system.

3. The error is a white noise process with uniform amplitude probability distribution
over the range of quantization error.

The variance of e(n) is given by
o = E[e*(n)] — E*[e(n)]
where E%[e(n)] is the average of e?(n) and E[e(n)] is mean value of e(n)

For rounding

Z_B

2
o2 = f_Z_B e2p,(n)de — (0)?

Z_B
e31 2
2 _9B|__
o =2 [3 l—z—B
2
Therefore,
—2B
ol = -
12

6. Derive the signal to quantization noise ratio of A/D converter.  (6) [M/J — 14 R08]

The signal to quantization noise ratio of A/D converter is given by
SNR = 10 log[Px(n)/Pe(n)]
=10 log Px(n) — 10 log Pe(n)

Z—ZB

=10 log Px(n) — 10 log

12
=10 log Px(n) + 10 log 2728 + 10 log 12
=10 log Px(n) + 20B log 2+ 10.8
=10 log Px(n) + 6.02B + 10.8

SNR =10 log Px(n) + 6B + 10.8

For every increase in B bits the signal to quantization noise ratio increases by 6 dB.

Department of Electronics and Communication Engineering 6
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7. How is the steady state output noise variance calculated? (8) [N/D — 10 R0O8]

Steady state output noise variance (or) power:

The quantized input to a digital system with impulse response h(n) due to A/D
conversion noise can be represented as shown in figure.

/\:n)
X (n)
x(n) + q h(n) y(n)

(a)
e(n)
— o

()]

Let (n) be the output noise due to quantization of the input. Then,

e(n) = e(n) = h(n)

- z h(k)e(n — k)
k=0

The variance of any term in above sum in equal to c2h?(n).

The variance of the sum of independent random variable is the sum of their variances.
If the quantization errors are assumed to be independent at different sampling instances,
then the variance of the output is

k
o2 () (or)aZa(m) = 07 ) h*(n)
n=0
To find the steady state variance, extend the limit k up to infinity. Then,

ot = ot ) W)
n=0

Using Parseval’s theorem the steady state output noise variance due to the
quantization error is given by

c 1
o2 = o2 Z h?(n) = o2 H% H(z)H(z Yz 1dz
n=0 ¢

where the closed contour of integration is around the unit circle |z| = 1 in which case
only the poles that lie inside the unit circle are evaluated using the residue theorem.

Department of Electronics and Communication Engineering 7
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8. Determine the steady state output noise variance due to quantization of input, for
the first order filter y(n) = ay(n — 1) + x(n). (16)
Given y(n) =ay(n—1) + x(n)
Taking z transform on both sides
y(2) = az”'y(2) + x(2)

y(z) 1 _z

H(Z)zx(z)_l—az‘l_z—a

-1

H(z™) =

zl—qa

1
o2 = g2 %jﬁ H(z)H(z Yz ldz

c

1 z z71
02 =o? f — z7ldz
c

s o 1f z71 g
9 = Te 2nj )], (z—a)(z7'—a) z

z7t z71 1
2 _ 2 . _ . _
of =0} [reSLdue of IR at (z = a) + residue of -G —a) at (z = a)
Assumea<1
Z—1
0?2 = o? [(z —-a) l
¢ e z-a)z'-a)| _,
-1
2 _ L2 a — 2 1
O T Ot g = %1 g2
. . . 1.0 .

9. Consider a second order IIR filter with H(z) = A o5 a-oaseT Explain the
effect of quantization on pole locations of the system when realized in direct form
and in cascade form. Assume b = 3 bits. (10) [N/D - 11 RO08]
Solution:

Given: H(z) = 1.0

(1-0.5z71)(1-0.45z"1)
Direct form:

H(z) can be written as,

Department of Electronics and Communication Engineering 8
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1
(1—0.95z-1 + 0.225272)

H(z) =

The poles are at p; = 0.5 and p, = 0.45

Let us quantize the co-efficient by truncation.

to binary truncate to 3 bits to decimal

(0.95)10 —_— (0.1111)2 _— (0.111)2 _— (0.875)10

to binary truncate to 3 bits to decimal

(0.225); ——> (0.0011), ——————— (0.001), ——— (0.125)1,

Hence,
Hz) = !
Z = (1-0875z-1 + 0.1252-2)
ZZ
H(z) = 20875210125
ZZ
H(z) =

(z —0.695)(z — 0.18)
So, p; = 0.695 and p, = 0.18
Thus the pole locations are shifted from 0.5, 0.45 to 0.695 and 0.18 respectively.

Cascade Form:

1.0

&) = A =0s2Da —oas 2D

to binary truncate to 3 bits to decimal

(0.5); —> (0.1000), ————— > (0.100), ——— (0.5)4,

to binary truncate to 3 bits to decimal

Hence,

1.0

H() = (1—05z1)(1—0.3752"1)

So, p; = 0.5and p, = 0.375

There is no change in first pole location and the second pole location is shifted from
0.45 to 0.375.

10. Explain coefficient quantization in IR filter. (16) [N/D - 12 R08]

The filter coefficients are computed to infinite precision in theory. But, in digital
computation the filter coefficients are represented in binary and are stored in registers. If
b bit register is used, the filter coefficients must be rounded or truncated to b bits, which
produces an error. This error is known as coefficient quantization error.

Department of Electronics and Communication Engineering 9
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Due to quantization of coefficients, the frequency response of the filter may differ
appreciably from the desired response and sometimes the filter may actually fail to meet
the desired specifications. If the poles of desired filter are close to the unit circle, then

those of the filter with quantized coefficients may lie just outside the unit circle, leading
to instability.

Example:

Consider a second order IIR filter with H(z) = 10

o5 D _oas D) Explain the effect

of quantization on pole locations of the system when realized in direct form and in
cascade form. Assume b = 3 bits.

Answer: Refer problem No: 9

11. Draw the product quantization noise model of second order IIR system. (8)

[M/J - 13 R08]

i) 1 g (:.:n Ir-'+'-.. II }'[E:l
T egin llll / *I:II".IIII |z-1|
iy +J-||_.'lll |II '|I |_|"f +-""| |:i|

p- f s
Im[n]}/ ',I 1 nj) |
Tcz[n] T"d["-'

Quantization noise model for a second-order system with five noise

Xn) By lﬁ " vin)
0 J]
71 .-’ / |\ | 71
i .'F 'll I|I '|||II |ZII ]
L I-'lll I'
= /| E
% ."II I|_ by

Quantization noise model for a second order system with a single noise

Department of Electronics and Communication Engineering
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12. Determine the output round-off noise power for the system having transfer function

1
H(2) = hich is realized in form. Assume wor
@) (1=0.52-1)(1_045—1) "Vnich is rea ized in cascade fo ssume word

length is 4 bits. (8)

Solution:
Given:
1
H@Z) = A-0szDa-0.4zD
X(n) m m y(n)
P - :
e1(n) '1 e;(n) ';
Z Z
0.4

0.5

2 _ 2 2
Oco = Ogp1 T 0¢o2

1
02, = o’ Hfﬁ H(z)H(z Yz ldz
C
01 = 0¢1
where

I = Lff; H(z)H(z Yz ldz
2mj J,.

H(z) is the transfer function seen by the error source e, (n)

1

HO = A 0srDa—oaz 0

I = sum of residues at poles within the unit circle

1 1

1
I = -1
2nj7€ A= 052D(1-04z1) A-080—04n> %
I = ! f @& ! 7= dz
2rj J. (z—0.5)(z—0.4) (1—0.52)(1—0.4z)"
1 (2) 1
I = '(f dz
2njJ. (z—0.5)(z—-0.4) (1—-0.5z)(1 - 0.42)
The poles z = 0.5 and z = 0.4 are within unit circle.
Department of Electronics and Communication Engineering 11
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(2) 1

1= @=08) 05z — 04 (=050 - 042)

z=0.5
(2) 1

T @0 S = 04) (= 0521 = 047)

z=0.4
I =8.33 —-5.95 = 2.38
0-6201 = 0-62(2'38)

—-2B

0'6.201 = T (238)

—2(4)

0-6201 = 12 (2.38)

0%, = 3.25X1074(2.38)

0%, = 7.747X107*

1
02, =02 Efﬁ H(z)H(z Yz ldz
c

2 _ 52
Oco2 _o-el

where
I = Lfﬁ H(z)H(z Yz ldz
2mj J,

H(z) is the transfer function seen by the error source e, (n)

1

HO = =047

I = sum of residues at poles within the unit circle

1 j‘; 1 1
T2, A-04z ) (1-042)° “

1 1
I = ff & z=* dz
2nj ), (z—0.4) (1—-0.4z)

[ = 1 35 1 1 J
“2nj). (z—04) (1—04z2) °
The pole z = 0.4 is within unit circle.

1 1
(z—04) (1-042)

I=(z-04)

z=0.4

[ =1.1905

Department of Electronics and Communication Engineering 12
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02, = 02(1.1905)
02,, = 3.25X107%(1.1905)
02, = 3.869X10*
Therefore,
02 = 7.747X10"* + 3.869X107* = 11.616X10~*

13. Determine the dead band of the systemy(m) = 0.2y(n—1) +0.5y(n—2) +
x(n). Assume 8 bits are used for signal representation. (8) [M/J — 13 RO8]

Given: y(n) = 0.2y(n—1) + 0.5y(n — 2) + x(n)

Assume
x(n) = {0.0125, n= 0}
0, otherwise

yED =y(=2)=0

b = 8 bits (excluding sign bit)
n x(n) 0.2y(n—1) | Q[0.2y(n—1)] | 0.5y(n—2) | Q[0.5y(n—2)] y(n)
0 |0.0125 0 0 0 0 0.0125
1 0 0.0025 0.00390625 0 0 0.00390625
2 0 0.00078125 0 0.00625 0.0078125 | 0.0078125
3 0 0.0015625 0 0.001953125 | 0.00390625 | 0.00390625
4 0 0.00078125 0 0.00390625 | 0.00390625 | 0.00390625

to binary

(0.0025),;, ——> (0.0000000010),

round of f to 8 bits to decimal

(0.00000001), ———— (0.00390625),

to binary

(0.00078125),, —> (0.000000000),

round of f to 8 bits to decimal

(0.00000000); ——— (0)1

to binary

(0.00625);) —> (0.000000011),

round of f to 8 bits to decimal

(0.00000010), ———— (0.0078125),

to binary

(0.0015625),, ——> (0.00000000),, +

round of f to 8 bits to decimal

(0.00000000), ——— (0)4,

0.001953125

to binary

round of f to 8 bits
—— (0.000000001)4,

to decimal
(0.00000001), ——— (0.00390625),

Department of Electronics and Communication Engineering 13
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to binary

(0.00390625),; —> (0.000000001),, +

round of f to 8 bits to decimal

(0.00000001), ——— (0.00390625),

Dead band =

Dead band = 0.00390625

14. Describe the quantization in floating point realization of 1IR digital filters.
(16) [N/D —-13 R08]
Refer Page No: 7.37 in Digital Signal Processing by Ramesh Babu

15. Explain the finite word length effects in FIR digital filters. (8)[N/D - 13 RO08]
Explain the round off noise in direct form realization of a linear phase FIR filter
with relevant diagrams. (8) [A/M - 11 R08]

Explain the effects of coefficient quantization in FIR filters.
(8)[M/J — 14 RO8] [A/M —11 R08]

Refer Page No: 7.41 in Digital Signal Processing by Ramesh Babu
16. Explain the following (8) [M/J — 12 RO8]

a) Coefficient quantization error
b) Product quantization error
c) Signal scaling
d) Truncation and Rounding
a) Coefficient quantization error:

The filter coefficients are computed to infinite precision in theory. But, in
digital computation the filter coefficients are represented in binary and are stored in
registers. If b bit register is used, the filter coefficients must be rounded or truncated
to b bits, which produces an error. This error is known as coefficient quantization
error. Due to quantization of coefficients, the frequency response of the filter may
differ appreciably from the desired response and sometimes the filter may actually fail
to meet the desired specifications. If the poles of desired filter are close to the unit
circle, then those of the filter with quantized coefficients may lie just outside the unit
circle, leading to instability.

b) Product quantization error:

Product quantization errors arise at the output of a multiplier. Multiplication of
b bit data with b bit coefficient results in a product having 2b bits. Since b bit register

Department of Electronics and Communication Engineering 14
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is used, the multiplier output must be rounded or truncated to b bits, which produces
an error. This error is known as product quantization error.

¢) Signal scaling:

Saturation arithmetic eliminates limit cycles due to overflow, but it causes
undesirable signal distortion due to the nonlinearity of the clipper. In order to limit the
amount of non-linear distortion, it is important to scale the input signal (scaling factor

So) and the unit sample response between the input and any internal summing nodes
in the system such that overflow become a rare event.

H'iz)
Ao} win) by ,f:wl .
| 4 | \ Y
8 ?-l—-"
* I', / |
I
II \ I,l |
| - L / I

| —|.'£ |'|: |

d) Truncation and Rounding:

Truncation:

Truncation is process of reducing the size of binary number by discarding all
bits less significant than the least significant bit that is retained. In the truncation of a
binary number to b bits all the less significant bits beyond b™ bit are discarded.

Rounding:

Rounding is the process of reducing the size of a binary number to finite word

size of b bits such that, the rounded b bit number is closest to the original unquantized
number.

17. a) How is signal scaling used to prevent overflow limit cycle in the digital filter
implementation? Explain with an example. (8) (N/D 11 R08) (M/J 13 R08)

Signal Scaling:

Saturation arithmetic eliminates limit cycles due to overflow, but it causes undesirable
signal distortion due to the nonlinearity of the clipper. In order to limit the amount of
non-linear distortion, it is important to scale the input signal and the unit sample response

between the input and any internal summing nodes in the system such that overflow
become a rare event.

Department of Electronics and Communication Engineering 15
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H'iz)
T Wi by ,f:wl .
{ & } R LR R
S, ! o
1 B /]
| \ o .-"I I|I
II II'.. —a; b. IIIl III

1 L |

Consider a second order IIR filter shown in figure. A scale factor S, is
introduced between the input x(n) and the adder 1, to prevent overflow at the output

adder 1.
Now the overall input-output transfer function is

by + biz71 + byz™?

H(z) =S 1+a,z71 4+ a,z72
N(z)
H(Z) = SO m
From the figure,
W(z) So So

B =y " Txaritaz? D@

If the instantaneous energy in the output sequence w(n) is less than the finite
energy in the input sequence then, there will not be any overflow.

SoX
w(z) = 222 = 5,S(2)X(2)

1

1
Z_anﬁc S(z)s(z Yz ldz
1
2 _
So = 1 $ z7ldz
2njJc D(z)D(z71)

where

[ = 1 jg z7ldz
~2mj ). D(z2)D(z™Y)

Department of Electronics and Communication Engineering
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18. Describe the effects of quantization in 1IR filter. Consider a first order filter with
difference equation y(n) = x(n) + 0.5y(n — 1). Assume that the data register
length is three bits plus a sign bit. The input x(n)=0.8756(n). Explain the limit
cycle oscillations in the above filter, if quantization is performed by means of
rounding and signed magnitude representation. (16)

Solution:

Given: y(n) = x(n) + 0.5y(n — 1)
x(n) = 0.875 6(n)

x(n) = {(()),.875, n= 0}

otherwise
y(-1)=0
b = 3 bits (excluding sign bit)
n x(n) 0.5y(n—1) [ Q[0.5y(n— 1)] y(n)
0 0.875 0 0 0.875
1 0 0.4375 0.5 0.5
2 0 0.25 0.25 0.25
3 0 0.125 0.125 0.125
4 0 0.0625 0.125 0.125
to binary round of f to 3 bits to decimal
to binary round of f to 3 bits to decimal
to binary round of f to 3 bits to decimal
to binary round of f to 3 bits to decimal
(0.0625),0 ——> (0.0001), (0.001), — (0.125)4,
D =
ead band 1-0%
Dead band = 0.125
Department of Electronics and Communication Engineering 17
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19. Consider all pole second order IIR digital filter described by difference equation
y(n) =—-0.5y(n—1) — 0.75y(n — 2) + x(n). Assuming 8-bits to represent a
pole, determine the dead band region governing the limit cycle. (8)

Given: y(n) = —0.5y(n — 1) + 0.75y(n — 2) + x(n)

Assume

x(n) = {0.0125,

0,

n= 0}
otherwise

yD=y(=2)=0

b = 8 bits (excluding sign bit)

n x(n) —-0.5y(n—1) | Q[-0.5y(n—1)] | —0.75y(n — 2) Q[-0.75y(n y(n)
- 2)]

0 |0.0125 0 0 0 0 0.0125

1 0 0.0025 0.00390625 0 0 0.00390625
2 0 0.00078125 0 0.00625 0.0078125 0.0078125
3 0 0.0015625 0 0.001953125 | 0.00390625 | 0.00390625
4 0 0.00078125 0 0.00390625 | 0.00390625 | 0.00390625

to binary

(0.0025);0 ——> (0.0000000010),

round of f to 8 bits to decimal

(0.00000001), —— (0.00390625),

to binary

(0.00078125),, —> (0.000000000),

round of f to 8 bits to decimal

(0.00000000), ——— (0)4,

to binary

(0.00625);) —> (0.000000011),

round of f to 8 bits to decimal

(0.00000010), ——— (0.0078125),

to binary

(0.0015625);, ——— (0.00000000),, +

round of f to 8 bits to decimal

(0.00000000), ——— (0

)10

0.001953125

to binary

round of f to 8 bits
—— (0.000000001)4,

to decimal
(0.00000001), ——— (0.00390625),

Department of Electronics and Communication Engineering 18

Downloaded from EnggTree.com



EnggTree.com

E(C3492 — Digital Signal Processing IV Semester

to binary

(0.00390625),;,, — (0.000000001),, +
round of f to 8 bits to decimal
(0.00000001), ——— (0.00390625),

D =
ead band T 07%
Dead band = 0.0078125
Department of Electronics and Communication Engineering 19
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EC 3492 - DIGITAL SIGNAL PROCESSING
UNIT V — DSP APPLICATIONS
A signal x(n) is given by x(n) = {0,1,2,3,4,5,6,0,1,2,3, .....} (8)
a) Obtain the decimated signal with a factor of 2.
b) Obtain the interpolated signal with a factor of 2.
Solution:
Given: x(n) ={0,1,2,3,4,5,6,0,1,2,3, ...}
a) Decimation with a factor of 2:
y(n) ={0,2,4,6,1,3, ...}
b) Interpolation with a factor of 2:
y(n) ={0,0,1,0,2,0,3,0,4,0,5,0,6,0,0,0,1,0,2,0,3,0, ..... }
How does the sampling rate increase by an integer factor | and derive the input-
output relationship in both time and frequency domains.

An increase in the sampling rate by an integer factor of 7 can be accomplished
by interpolating / — T new samples between successive values of the signal. The
interpolation process can be accomplished in a variety of ways. We shall describe
a process that preserves the spectral shape of the signal sequence x(n).

Let v(m) denote a sequence with a rate F, = [ F., which is obtained from
x(n) by adding I — 1 zeros between successive values of x(n). Thus

x(m/I), m=40,xl.£21....

0, otherwise (10.3.1)

vim) = [

and its sampling rate is identical to the rate of v(m). This sequence has a :-

transform
oG

V@ = ) vim:

oC

= E x(m)z™™! (10.3.2)

m=—0C
= X"

The corresponding spectrum of v(m) is obtained by evaluating (10.3.2) on the unit

circle. Thus
Viw,) = X(w,]) (10.3.3)
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where w, denotes the frequency variable relative to the new sampling rate F; (i.e.,
wy = 2n F/F,). Now the relationship between sampling rates is F, = /F; and
hence, the frequency variables @, and w, are related according to the formula

wy = “’T (10.3.4)

The spectra X(w,) and V(w,) are illustrated in Fig. 10.5. We observe that the
sampling rate increase, obtained by the addition of I — 1 zero samples between
successive values of x{n), results in a signal whose spectrum V(w,) is an | -fold
periodic repetition of the input signal spectrum X (w,).

Since only the frequency components of x(n) in the range 0 < w, < w/I
are unique, the images of X(w) above w, = n/I should be rejected by passing
the sequence v(m) through a lowpass filter with frequency response H,(w,) that

ideallv has the characteristic

0. otherwise (10.3.5)

H.’(w_\')‘ = I

where C 1s a scale factor required to properly normalize the output sequence v(m).
Consequently, the output spectrum is

CX(w,1). 0<lw,| <7/l

Y{w,) = ) 10.3.6
¥) { 0, otherwise ( )
[X (e}
wI
-7 n
0
Viw,)]
Wy
W, = ——
0o T n s / Figure 10.5 Spectra of x{n) and v{n)
! ! ! where V(w,) = X(w./).
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The scale factor C is selected so that the output y{(m) = x(m/J) for m = 0,
+1.+21..... For mathematical convenience, we select the point m = 0. Thus

y(0) = if Y{w)dw,

27 J_,

C L #7)
= -—f X(w,Ndw,
27 gy "N

(10.3.7)

Since w, = w, /I, (10.3.7) can be expressed as
I n
v = £l X{oy)dwy

I _
2 o (10.3.8)

= E1:‘—.1:(0)

Therefore, C = I is the desired normalization factor.

Finally, we indicate that the output sequence y(m) can be expressed as a
convolution of the sequence v(n) with the unit sample response h(n) of the lowpass

filter. Thus

yim)y= > him —k)v(k) (10.3.9)

k=-oC

Since v(k) = 0 except at multiples of I, where v(k!) = x(k), (10.3.9) becomes

yimy= 3" him—~kl)x(k) (10.3.10)

k=-00
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3. Explain sampling rate reduction by an integer factor ‘D’. Derive the relation
between input and output frequency. (8)

DECIMATION BY A FACTOR D

Let us assume that the signal x(n) with spectrum X(w) is to be downsampled
by an integer factor D. The spectrum X(w) is assumed to be nonzero in the
frequency interval 0 < |w| < 7 or, equivalently, [F| < F,/2. We know that if we
reduce the sampling rate simply by selecting every Dth value of x(n), the resulting
signal will be an aliased version of x(n), with a folding frequency of F,/2D. To
avoid aliasing, we must first reduce the bandwidth of x(n) to Fnay = F:/2D or,
equivalently, t0 wmax = 7/D. Then we may downsample by D and thus avoid
aliasing.

The decimation process is illustrated in Fig. 10.2. The input sequence x(n) is
passed through a lowpass filter, characterized by the impulse response h(n) and a
frequency response Hp(w), which ideally satisfies the condition

1, lw| <7/D

0,  otherwise (10.2.1)

Hp(w) = {
Thus the filter eliminates the spectrum of X (w) in the range /D < w < . Of
course, the implication is that only the frequency components of x(n) in the range
lw| < 7/D are of interest in further processing of the signal.
The output of the filter is a sequence v(n) given as

oc
v(n) = Z h(k)x(n — k) (10.2.2)
k=0
sha | hin) e} Downsampler ym)
1 iD -
F; = ?: Fl‘. - —D-

Figure 102 Decimation by a factor D.

which is then downsampled by the factor D to produce y(m). Thus
y(m) = v(mD)

x (10.2.3)
=Y h(k)x(mD — k)
k=0
Although the filtering operation on x{(n) is linear and time invariant, the
downsampling operation in combination with the filtering results in a time-variant
system. This is easily verified. Given the fact that x(n) produces y(m), we note
that x(n — ng) does not imply y(n — ng) unless np is a multiple of D. Consequently,
the overall linear operation (linear filtering followed by downsampling) on x(n) is
not time invariant.
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The frequency-domain characteristics of the output sequence y(m) can be
obtained by relating the spectrum of y(m)to the spectrum of the input sequence
x(n). First, it is convenient to define a sequence #i(n) as

v(n), n=0,+D £2D, ...

0, otherwise (10.2.4)

vin) = [

Clearly, #(n) can be viewed as a sequence obtained by multiplying v(n) with a
periodic train of impulses p(n), with period D, as illustrated in Fig. 10.3. The
discrete Fourier series representation of p(n) is

1 D=1 ok
— wkn/D
pin) = = ée’ (10.2.5)
Hence
v(n) = v(n)p(n) (10.2.6)
and
y(im) = v(mD) = v(mD)p(mD) = v(mD) (10.2.7)
v{n) l
. l o,
6 _5_4‘ -3 [-2]-10 1 2 [3 4 5‘
pln)
I ——e o ' > ‘ >—e J ——n
-6 -3 0 3 6
Figure 103 Multiplication of v(n) with a periodic impulse train p{n) with period

D=3

Now the z-transform of the output sequence y(m) is

Y(z) = i yim)z™"

m=—0c

o0

> dmD)™ (10.2.8)

m=—0c

i

oC

Y(@) = Y (mz P

m=—0Q
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where the last step foliows from the fact that §(m) = 0, except at multiples of D.
By making use of the relations in (10.2.5) and (10.2.6) in (10.2.8), we obtain

3 182
Y(z) = Z vim) _D_ Ze_,'brmkfﬂ} Z._m/D

m=-0cc k=0
l D-1 2] .
— BZ Z u(m)(e-—ﬂnk/Dzl/D)—m
=) Mm=-—00
| po (10.2.9)

=3 3" V(emitmkip 1Py

k=0

1 & ok ok
— _l_) Z: Hb(e—,znubzuﬂ)x(e—jznA/DZI/D)
k=0

where the last step follows from the fact that V(z) = Hp(2)X (2).

By evaluating Y (z) in the unit circle, we obtain the spectrum of the output
signal y(m). Since the rate of y(m) is F, = 1 /T,, the frequency variable, which we
denote as w,, is in radians and is relative to the sampling rate 5,

2n F

Wy = _F_ = ZNFT). (10210)

Since the sampling rates are related by the expression

F;
3= (10.2.11)
it follows that the frequency variables w, and
wy = ZZ,F = 21 FT, (10.2.12)
are related by
wy = Dw, (10.2.13)

Thus, as expected, the frequency range 0 < |w,| < n/D is stretched into the

—

corresponding frequency range 0 < |w,| < x by the downsampling process.

We conclude that the spectrum Y (w,). which is obtained by evaluating (10.2.9)
on the unit circle, can be expressed as

R, , — 2k . — 2k
Y{(w,) = > }: Hp (?___Dg.ﬂ_) X (.‘f’._Tﬂ_) (10.2.14)
k=0

With a properly designed filter Hp(w). the aliasing is eliminated and, consequently,
all but the first term in (10.2.14) vanish. Hence

Downloaded from EnggTree.com



EnggTree.com

[ Xl
w]
—r F: 4
0
|Hple, )t
— W,
T T
p ° »p
| Vi, )|
—
n n
D 0 D
| Yiew,)|
e ﬂ_ ™ @ Figure 10.4 Spectra of signals in the
0 decimation of x(n) by a factor D.
1 Wy w-
V) = 5 () X ()
(10.2.15)
1 ¥ (w_\.)
T D \D

for 0 < jw,| < m. The spectra for the sequences x(n), v(n), and y(m) are illustrated
in Fig. 104.
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For the multirate system shown in figure, find the relation between x(n) and y(n).

(N/D 11 R0S)

x(n) \J/Z
Z_I

NP
SOLUTION:

v(n)

x(n) \I/Z

z—1
w(n)
NP
v(n) = x(2n)

v(n) = {x(0), x(£2),x(+4),....}

v{1)
v, (n)
Z_ I
Vu (Tl - 1)
w,, (n)
@ vin)

v,(n) ={....x(—4),0,x(—2),0,x(0),0,x(2),0,x(4),0, ... }

v,(n—1) ={....0,x(0),0,x(2), 0,;(4), 0,..}

w(n) = x(2n+— 1)

wn) = {..x(—1),x(1),x(3),x(5), ... }

wy,(n) ={... ?),x(—l),0,x(1),0,x(3),0,x(5),0, e}

y(n) = Uu(nt D+ Wu(n)

y(n) = {... x(—=1),x(0),x(1),x(2),x(3), ... }

Therefore, T

y(n) =x(n—-1)
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Explain sampling rate conversion by a rational factor and derive input-output
relation in both time and frequency domain. (10)

SAMPLING RATE CONVERSION BY A RATIONAL FACTOR //D

Having discussed the special cases of decimation (downsampling by a factor D)
and interpolation (upsampling by a factor /), we now consider the general case
of sampling rate conversion by a rational factor //D. Basically, we can achieve
this sampling rate conversion by first performing interpolation by the factor / and
then decimating the output of the interpolator by the factor D. In other words, a
sampling rate conversion by the rationai factor //D is accomplished by cascading
an interpolator with a decimator, as illustrated in Fig. 10.6.

We emphasize that the importance of performing the interpolation first and
the decimation second, is to preserve the desired spectral characteristics of x(n).
Furthermore, with the cascade configuration illustrated in Fig. 10.6, the two filters
with impulse response {k, (/)} and {h,4(l)} are operated at the same rate, namely I F,
and hence can be combined into a single lowpass filter with impulse response h(l)
as illustrated in Fig. 10.7. The frequency response H(w,) of the combined filter
must incorporate the filtering operations for both interpolation and decimation,
and hence 1t should ideally possess the frequency response characteristic

1, 0 < |wy| € min(x/D, n /1)
0, otherwise

(10.4.1)

H(w,) = {

¥

where w, =27 F/F, =2rnF /I F, = w,/I.

xn) ! Upsampler _ Filter ! '

.................................................

Rate = IF,

Figure 10.6 Method for sampling rate conversion by a factor //D.
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x(n) Upsampler v(k) Lowpass w(l) Downsampier | Y(m)
e filer il
Rate = F, A

i
Rate = —F, = F,
ate D 3

Rate = JFy, =F,

Figure 10.7 Method for sampiing rate conversion by a factor 1/D.

In the time domain, the output of the upsampler is the sequence

=z, 1=0,%1, %21, ..
nily = l 0. otherwise (1042)
and the output of the linear time-invariant filter is
o0
wl) = Y hl —kvk)
— (10.4.3)

= Y h(—kDx(k)

k==2C
Finally, the output of the sampling rate converter is the sequence {y(m)}, which is
obtained by downsampling the sequence {w(/)} by a factor of D. Thus
v(im) = w(mD)

% (10.4.4)
= Z h(mD — kDx (k)

k=—ocC

It is illuminating to express (10.4.4) in a different form by making a change

in variable. Let b
k= [.'%_J —n (10.4.5)

where the notation |r] denotes the largest integer contained in . With this change
in variable, (10.4.4) becomes

ymy= 3 h (mD — LgJ I +n:)x Q#J ~ n) (10.4.6)

We note that
mbD
mD - [TJ i =mD modulo [

= (mD}),
Consequently, (10.4.6) can be expressed as
= D
y(m) = n;mh(nl + (mD);)x ((_EI_J — n) (10.4.7)
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It is apparent from this form that the output y(m) is obtained by passing the
nput sequence x(n) through a time-variant filter with impulse response

gin,m) = hinl 4+ (mD);) —0o0<mn < oo (10.4.8)

where h(k) is the impulse response of the time-invariant lowpass filter operating
at the sampling rate / F,. We further observe, that for any integer &,

gn.m=+kl) = h(ni + (mD +kDI);)
= hnl + (mD)}) (10.4.9)
= gln.m)
Hence g(n, m) is periodic in the variable m with period /.
The frequency-domain relationships can be obtained by combining the results

of the interpolation and decimation processes. Thus the spectrum at the output of
the linear filter with impuise response h(J) is

Viw) = Hlw,) X (w, 1)

I X(wu 1), 0 < |wy| < min(z/D, n/l) (10.4.10)
0. otherwise

The spectrum of the output sequence y(m), obtained by decimating the sequence
v(n) by a factor of D, is

D~1 _
Y(wy) = % v ("’“—Dﬁ) (10.4.11)
k=

where w, = Dw,. Since the linear filter prevents aliasing as implied by (10.4.10),
the spectrum of the output sequence given by (10.4.11) reduces to

I Wy . nD
Y(w,) = [ 5X(5):  0<iayl < min (”* T) (10.4.12)
0, otherwise
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UNIT V DIGITAL SIGNAL PROCESSOR

INTRODUCTION

A digital signal processor (DSP) is a specialized microprocessor (or a SIP block), with
architecture optimized for the operational needs of digital signal processing.

The goal of DSP is usually to measure, filter or compress continuous real-world analog signals.
Most general -purpose microprocessors can also execute digital signal processing algorithms
successfully , but may not be able to keep up with such processing continuously in real-time.
Also, dedicated DSPs usually have better power efficiency , thus they are more suitable in
portable devices such as mobile phones because of power consumption constraints. DSPs often
use special memory architectures that are able to fetch multiple data or instructions at the same
time.

Circular Buffering

Digital Signal Processors are designed to quickly carry out FIR filters and similar techniques.
To understand the hardware , we must first understand the algorithms . In this section we will
make a detailed list of the steps needed to implement an FIR filter. In the next section we will
see how DSPs are designed to perform these steps as efficiently as possible.

To start, we need to distinguish between off-line processing and real-time processing. In off-
line processing, the entire input signal resides in the computer at the same time. For example, a
geophysicist might use a seismometer to record the ground movement during an earthquake .
After the shaking is over, the information may be read into a computer and analyzed in some
way. Another example of off-line processing is medical imaging, such as computed tomography
and MRI. The data set is acquired while the patient is inside the machine, but the image
reconstruction may be delayed until a later time. The key point is that all of the information is
simultaneously available to the processing program. This is common in scientific research and
engineering, but not in consumer products. Off-line processing is the realm of personal
computers and mainframes.

In real-time processing, the output signal is produced at the same time that the input signal is
being acquired. For example, this is needed in telephone communication, hearing aids, and radar
. These applications must have the information immediately available , although it can be
delayed by a short amount. For instance, a 10 millisecond delay in a telephone call cannot be
detected by the speaker or listener. Likewise, it makes no difference if a radar signal is delayed
by a few seconds before being displayed to the operator. Real-time applications input a sample,
perform the algorithm , and output a sample, over-and-over. Alternatively , they may input a

group
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of samples, perform the algorithm, and output a group of samples. This is the world of Digital
Signal Processors.

Input Signal, x[ ]

FIGURE 28-2 ES)
FIE. digital filter. In FIE. filtering, each l

sample in the ontput signal. y[a], is found
by multiplying samples from the input
signal, x[n], x[o-1], %[n-2], ..., by the filter
kemel coefficients, a,, a,, 8., 45 ..., and
summing the products.

Output signal, ¥[]

Now look at Fig. 28-2 and imagine that this is an FIR filter being implemented in real-time. To
calculate the output sample, we must have access to a certain number of the most recent samples
from the input. For example, suppose we use eight coefficients in this filter, ag, ai, ... a;. This
means we must know the value of the eight most recent samples from the input signal, x[n], x[n-
1], ... X[n-7]. These eight samples must be stored in memory and continually updated as new
samples are acquired. What is the best way to manage these stored samples? The answer
is circular buffering.
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MEMOIY ETORED AEMOEY EI0RED
ADDEREES VALTE ADDEESE VALTUE
20040 20040
20041 | 0225767 -=— x[m-3] 20041 | -0.225767 =— xn-4]
20042 | 0259847 =— x[n-2] 20042 | -0.269347 =— x[n-3]
20043 | 0228918 |- x[m-1] 20043 | -0.228918 | = xn-2]
0044 | 0.113540 | = x[0]  mewest sample 20044 | -0.113240 | = xn-1]
20045 D.MEGTD | =— x[@-T] eldast zampie 20045 | 0062222 | = x[n]  mewest sample
20044 0.222577 =— x[m-f] 2004G 0.222977 =— x[n-1] oldest sample
20047 | D.3TI370 | = x[m-5] 20047 | 0371570 | = xn-4]
20048 | D.462791 | = xf@4] 20048 | 0462791 | = xio-3]
20049 20049
a. Circular buffer at some instant b. Circular buffer after next sample
FIGURE 28-3

Circular buffer operation. Circular buffers are used to store the most recent values of a coutinually
updated signal. This illustration shows how an eight sample circular buffer might appear at some
instant in fime (a), and how it would appear one sample later (b).

Figure 28-3 illustrates an eight sample circular buffer. We have placed this circular buffer in
eight consecutive memory locations, 20041 to 20048. Figure (a) shows how the eight samples
from the input might be stored at one particular instant in time, while (b) shows the changes after
the next sample is acquired. The idea of circular buffering is that the end of this linear array is
connected to its beginning; memory location 20041 is viewed as being next to 20048, just as
20044 is next to 20045. You keep track of the array by a pointer (a variable whose value is
an address) that indicates where the most recent sample resides.

For instance, in (a) the pointer contains the address 20044, while in (b) it contains 20045. When
a new sample is acquired, it replaces the oldest sample in the array, and the pointer is moved one
address ahead. Circular buffers are efficient because only one value needs to be changed when a
new sample is acquired.

Four parameters are needed to manage a circular buffer. First, there must be a pointer that
indicates the start of the circular buffer in memory (in this example, 20041). Second, there must
be a pointer indicating the end of the array (e.g., 20048), or a variable that holds its length (e.g.,
8). Third, the step size of the memory addressing must be specified. In Fig. 28-3 the step size
is one, for example: address 20043 contains one sample, address 20044 contains the next sample,
and so on. This is frequently not the case. For instance, the addressing may refer to bytes, and
each sample may require two or four bytes to hold its value. In these cases, the step size would
need to be two or four, respectively.

These three values define the size and configuration of the circular buffer, and will not change
during the program operation. The fourth value, the pointer to the most recent sample, must be
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modified as each new sample is acquired. In other words, there must be program logic that
controls how this fourth value is updated based on the value of the first three values. While this
logic is quite simple, it must be very fast. This is the whole point of this discussion; DSPs should
be optimized at managing circular buffers to achieve the highest possible execution speed.

As an aside, circular buffering is also useful in off-line processing. Consider a program where
both the input and the output signals are completely contained in memory. Circular buffering
isn't needed for a convolution calculation, because every sample can be immediately accessed.
However, many algorithms are implemented in stages, with an intermediate signal being created
between each stage. For instance, a recursive filter carried out as a series of biquads operates in
this way. The brute force method is to store the entire length of each intermediate signal in
memory. Circular buffering provides another option: store only those intermediate samples
needed for the calculation at hand. This reduces the required amount of memory, at the expense
of a more complicated algorithm. The important idea is that circular buffers are useful for off-
line processing, but critical for real-time applications.

Now we can look at the steps needed to implement an FIR filter using circular buffers for both
the input signal and the coefficients. This list may seem trivial and overexamined- it's not! The
efficient handling of these individual tasks is what separates a DSP from a traditional
microprocessor. For each new sample, all the following steps need to be taken:

Obtain a sample with the ADC; generate an intermupt
Detect and manage the intermpt
Move the sample into the input signal's circular buffer
Update the pointer for the input signal's circular buffer
Zero the accummlator
TABLE 22.1 Control the loop through each of the coafficients
FIR filter steps. 'I" Fetch the coefficient from the coefficient's circular buffer
&. Update the pointer for the coefficient's circular buffer
9. Fetch the sample from the input signal's circular buffer
10. Update the pointer for the input signal's eircular buffer
11. Multiply the coefficient by the sample
12. Add the product to the accumulator
13. Move the output sample (accumulator) to a holding buffer
14. Move the output sample from the holding buffer to the DAC

= e

The goal is to make these steps execute quickly. Since steps 6-12 will be repeated many times
(once for each coefficient in the filter), special attention must be given to these operations.
Traditional microprocessors must generally carry out these 14 steps in serial (one after another),
while DSPs are designed to perform them in parallel. In some cases, all of the operations within
the loop (steps 6-12) can be completed in asingle clock cycle. Let's look at the internal
architecture that allows this magnificent performance.
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ARCHITECTURE OF THE DIGITAL SIGNAL PROCESSOR

One of the biggest bottlenecks in executing DSP algorithms is transferring information to and
from memory . This includes data, such as samples from the input signal and the filter
coefficients , as well asprogram instructions , the binary codes that go into the program
sequencer . For example, suppose we need to multiply two numbers that reside somewhere in
memory . To do this, we must fetch three binary values from memory , the numbers to be
multiplied, plus the program instruction describing what to do.

Figure 28-4a shows how this seemingly simple task is done in a traditional microprocessor. This
is often called a Von Neumann architecture, after the brilliant American mathematician John
Von Neumann (1903-1957). Von Neumann guided the mathematics of many important
discoveries of the early twentieth century. His many achievements include: developing the
concept of a stored program computer, formalizing the mathematics of quantum mechanics, and
work on the atomic bomb. If it was new and exciting, Von Neumann was there!

As shown in (a), a Von Neumann architecture contains a single memory and a single bus for
transferring data into and out of the central processing unit (CPU). Multiplying two numbers
requires at least three clock cycles, one to transfer each of the three numbers over the bus from
the memory to the CPU. We don't count the time to transfer the result back to memory, because
we assume that it remains in the CPU for additional manipulation (such as the sum of products in
an FIR filter). The Von Neumann design is quite satisfactory when you are content to execute all
of the required tasks in serial. In fact, most computers today are of the Von Neumann design. We
only need other architectures when very fast processing is required, and we are willing to pay the
price of increased complexity.

This leads us to the Harvard architecture , shown in (b). This is named for the work done at
Harvard University in the 1940s under the leadership of Howard Aiken (1900-1973). As shown
in this illustration, Aiken insisted on separate memories for data and program instructions, with
separate buses for each. Since the buses operate independently, program instructions and data can
be fetched at the same time, improving the speed over the single bus design. Most present day
DSPs use this dual bus architecture.

Figure (c) illustrates the next level of sophistication, the Super Harvard Architecture. This term
was coined by Analog Devices to describe the internal operation of their ADSP-2106x and new
ADSP -211 xx families of Digital Signal Processors . These are called SHARC ® DSPs, a
contraction of the longer term, Super Harvard ARChitecture . The idea is to build upon the
Harvard architecture by adding features to improve the throughput. While the SHARC DSPs are
optimized in dozens of ways, two areas are important enough to be included in Fig. 28-4c: an
instruction cache, and an I/O controller.
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First, let's look at how the instruction cache improves the performance of the Harvard
architecture. A handicap of the basic Harvard design is that the data memory bus is busier than
the program memory bus. When two numbers are multiplied, two binary values (the numbers)
must be passed over the data memory bus, while only one binary value (the program instruction)
is passed over the program memory bus. To improve upon this situation, we start by relocating
part of the "data" to program memory . For instance, we might place the filter coefficients in
program memory, while keeping the input signal in data memory. (This relocated data is called "
secondary data™ in the illustration). At first glance, this doesn't seem to help the situation; now
we must transfer one value over the data memory bus (the input signal sample), but two values
over the program memory bus (the program instruction and the coefficient). In fact, if we were
executing random instructions, this situation would be no better at all.

However, DSP algorithms generally spend most of their execution time in loops, such as
instructions 6-12 of Table 28-1. This means that the same set of program instructions will
continually pass from program memory to the CPU. The Super Harvard architecture takes
advantage of this situation by including aninstruction cache in the CPU. This is a small
memory that contains about 32 of the most recent program instructions. The first time through a
loop, the program instructions must be passed over the program memory bus. This results in
slower operation because of the conflict with the coefficients that must also be fetched along this
path. However, on additional executions of the loop, the program instructions can be pulled from
the instruction cache. This means that all of the memory to CPU information transfers can be
accomplished in a single cycle: the sample from the input signal comes over the data memory
bus, the coefficient comes over the program memory bus, and the program instruction comes
from the instruction cache. In the jargon of the field, this efficient transfer of data is called a high
memory-access bandwidth.

Figure 28-5 presents a more detailed view of the SHARC architecture, showing the I/0O
controller connected to data memory . This is how the signals enter and exit the system. For
instance, the SHARC DSPs provides both serial and parallel communications ports. These are
extremely high speed connections. For example, at a 40 MHz clock speed, there are two serial
ports that operate at 40 Mbits/second each, while six parallel ports each provide a 40
Mbytes/second data transfer. When all six parallel ports are used together, the data transfer rate
is an incredible 240 Mbytes/second.
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a. WVon Neomann Architecture ( single mewaory )

Miemory Lk addzess bus CP1T
ETRET
mstructions

b. Harvard Architecture { dual memrory )

prosam | e ()l e
o v DA address bus CPTTJ MV/ Miemory

instrnictions only DA data bus o D data bus o data onlyr

c. Super Harvard Architecture {dual memary, imsiruciion cache, 'O controller )

Program Data
k. DB address bus

L P address bus CP1T - = Iviemory

et Ensgrugtion ST data caly

FIGURE 28-4 irje]
Mlicroproceszor architecture. The WVon Menmann architecinre Controller
mses a single memory to hold both data and imstrictions. In

comparison, the Harvward architecinre uses separate memories

for data and instructions, providimg higher speed. The Super @
Harvard Architecture improwves upon the Harvard design by data

adding an instruction cache and a dedicated L'C controller.

This is fast enough to transfer the entire text of this book in only 2 milliseconds! Just as
important, dedicated hardware allows these data streams to be transferred directly into memory
(Direct Memory Access, or DMA), without having to pass through the CPU's registers. In other
words, tasks 1 & 14 on our list happen independently and simultaneously with the other tasks; no
cycles are stolen from the CPU. The main buses (program memory bus and data memory bus)
are also accessible from outside the chip, providing an additional interface to off-chip memory
and peripherals. This allows the SHARC DSPs to use a four Gigaword (16 Gbyte) memory,
accessible at 40 Mwords/second (160 Mbytes/second), for 32 bit data. Wow!

This type of high speed I/O is a key characteristic of DSPs. The overriding goal is to move the
data in, perform the math, and move the data out before the next sample is available. Everything
else is secondary. Some DSPs have on-board analog-to-digital and digital-to-analog converters, a
feature called mixed signal. However, all DSPs can interface with external converters through
serial or parallel ports.

Now let's look inside the CPU. At the top of the diagram are two blocks labeled Data Address
Generator (DAG), one for each of the two memories. These control the addresses sent to the
program and data memories, specifying where the information is to be read from or written to. In
simpler microprocessors this task is handled as an inherent part of the program sequencer, and is
quite transparent to the programmer. However, DSPs are designed to operate with circular
buffers, and benefit from the extra hardware to manage them efficiently. This avoids needing to
use precious CPU clock cycles to keep track of how the data are stored. For instance, in the
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SHARC DSPs, each of the two DAGs can control eight circular buffers. This means that each
DAG holds 32 variables (4 per buffer), plus the required logic.

Why so many circular buffers? Some DSP algorithms are best carried out in stages. For instance,
IIR filters are more stable if implemented as a cascade of biquads (a stage containing two poles
and up to two zeros). Multiple stages require multiple circular buffers for the fastest operation.
The DAGs in the SHARC DSPs are also designed to efficiently carry out the Fast Fourier
transform. In this mode, the DAGs are configured to generate bit-reversed addresses into the
circular buffers, a necessary part of the FFT algorithm. In addition, an abundance of circular
buffers greatly simplifies DSP code generation- both for the human programmer as well as high-
level language compilers, such as C.

The data register section of the CPU is used in the same way as in traditional microprocessors. In
the ADSP-2106x SHARC DSPs, there are 16 general purpose registers of 40 bits each. These
can hold intermediate calculations, prepare data for the math processor, serve as a buffer for data
transfer, hold flags for program control, and so on. If needed, these registers can also be used to
control loops and counters; however, the SHARC DSPs have extra hardware registers to carry
out many of these functions.

The math processing is broken into three sections, a multiplier, an arithmetic logic unit (ALU),
and a barrel shifter. The multiplier takes the values from two registers, multiplies them, and
places the result into another register. The ALU performs addition, subtraction, absolute value,
logical operations (AND, OR, XOR, NOT), conversion between fixed and floating point formats,
and similar functions. Elementary binary operations are carried out by the barrel shifter, such as
shifting, rotating, extracting and depositing segments, and so on. A powerful feature of the
SHARC family is that the multiplier and the ALU can be accessed in parallel. In a single clock
cycle, data from registers 0-7 can be passed to the multiplier, data from registers 8-15 can be
passed to the ALU, and the two results returned to any of the 16 registers.

There are also many important features of the SHARC family architecture that aren't shown in
this simplified illustration. For instance, an 80 bit accumulator is built into the multiplier to
reduce the round-off error associated with multiple fixed-point math operations. Another
interesting
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FIGURE 28-5

T}rpc:cal DSP architecture. Digital Signal Processeors are designed to implement tasks in parallel. This
lified dla%ra.m is of the Analog Devices SHARC DSP. Compare this architecture with the tasks
ed to implement an FIE filter, as listed im Table 28-1. All of the steps within the loop can be

e:{e:nuﬁed in a single clock cycle.

feature is the use of shadow registers for all the CPU's key registers. These are duplicate
registers that can be switched with their counterparts in a single clock cycle. They are used
for fast context switching, the ability to handle interrupts quickly. When an interrupt occurs in
traditional microprocessors, all the internal data must be saved before the interrupt can be
handled. This usually involves pushing all of the occupied registers onto the stack, one at a time.
In comparison, an interrupt in the SHARC family is handled by moving the internal data into the
shadow registers in a single clock cycle. When the interrupt routine is completed, the registers
are just as quickly restored. This feature allows step 4 on our list (managing the sample-ready
interrupt) to be handled very quickly and efficiently.

Now we come to the critical performance of the architecture, how many of the operations within
the loop (steps 6-12 of Table 28-1) can be carried out at the same time. Because of its highly
parallel nature, the SHARC DSP can simultaneously carry out all of these tasks. Specifically,
within a single clock cycle, it can perform a multiply (step 11), an addition (step 12), two data
moves (steps 7 and 9), update two circular buffer pointers (steps 8 and 10), and control the loop
(step 6). There will be extra clock cycles associated with beginning and ending the loop (steps 3,
4, 5 and 13, plus moving initial values into place); however, these tasks are also handled very
efficiently. If the loop is executed more than a few times, this overhead will be negligible. As an
example, suppose you write an efficient FIR filter program using 100 coefficients. You can
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expect it to require about 105 to 110 clock cycles per sample to execute (i.e., 100 coefficient
loops plus overhead). This is very impressive; a traditional microprocessor requires many
thousands of clock cycles for this algorithm.

FIXED VERSUS FLOATING POINT

Digital Signal Processing can be divided into two categories, fixed point and floating point.
These refer to the format used to store and manipulate numbers within the devices.

Fixed point DSPs usually represent each number with a minimum of 16 bits, although a different
length can be used. For instance, Motorola manufactures a family of fixed point DSPs that use 24
bits. There are four common ways that these 2'° = 65536 possible bit patterns can represent a
number.

In unsigned integer, the stored number can take on any integer value from 0 to 65,535.
Similarly, signed integer uses two's complement to make the range include negative numbers,
from -32,768 to 32,767. With unsigned fraction notation, the 65,536 levels are spread uniformly
between 0 and 1. Lastly, the signed fraction format allows negative numbers, equally spaced
between -1 and 1.

In comparison, floating point DSPs typically use a minimum of 32 bits to store each value. This
results in many more bit patterns than for fixed point, 2% = 4,294,967,296 to be exact. A key
feature of floating point notation is that the represented numbers are not uniformly spaced. In the
most common format (ANSI/IEEE Std. 754-1985), the largest and smallest numbers are
+3.4x10°® and €91.2€10°8, respectively.

The represented values are unequally spaced between these two extremes, such that the gap
between any two numbers is about ten-million times smaller than the value of the numbers. This
is important because it places large gaps between large numbers, but small gaps between small
numbers. Floating point notation is discussed in more detail in Chapter 4.

All floating point DSPs can also handle fixed point numbers, a necessity to implement counters,
loops, and signals coming from the ADC and going to the DAC. However, this doesn't mean that
fixed point math will be carried out as quickly as the floating point operations; it depends on the
internal architecture. For instance, the SHARC DSPs are optimized for both floating point and
fixed point operations, and executes them with equal efficiency. For this reason, the SHARC
devices are often referred to as "32-bit DSPs," rather than just "Floating Point."

Figure 28-6 illustrates the primary trade-offs between fixed and floating point DSPs. In Chapter
3 we stressed that fixed point arithmetic is much
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