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Figure 3 Block diagram representation
for a general N'"-order difference
equation.
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0.99 < |H(e/®)| < 1.01,
|H(e/®)| < 0.01(i.e., —40dB),

037 < |w| < 0.4m,

lw| < 0.297,

|[H(e/?)| <0.01(i.e., —40dB), 0417 < |w| < .

TABLE1 UNQUANTIZED DIRECT-FORM
COEFFICIENTS FOR A 12TH-ORDER ELLIPTIC FILTER
k by aj
0.01075998066934 1.00000000000000
-0.05308642937079 -5.22581881365349
0.16220359377307 16.78472670299535
-0.34568964826145 -36.88325765883139
0.57751602647909 62.39704677556246
-0.77113336470234 -82.65403268814103
0.85093484466974 88.67462886449437
-0.77113336470234 -76.47294840588104
0.57751602647909 53.41004513122380
-0.34568964826145 -29.20227549870331
0.16220359377307 12.29074563512827
-0.05308642937079 -3.53766014466313
0.01075998066934 0.62628586102551
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Figure 47 IR coefficient quantization example. (a) Log magnitude for unquantized elliptic
bandpass filter. (b) Magnitude in passband for unquantized (solid line) and 16-bit quantized

cascade form (dashed line).
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TABLE2 ZEROS AND POLES OF UNQUANTIZED 12TH-ORDER

ELLIPTIC FILTER.

k ekl Leg |d | Ldyg

1 1.0 =1.65799617112574 0.92299356261936 +1.15956955465354
2 1.0  £0.65411612347125  0.92795010695052  +£1.02603244134180
3 1.0 + 1.33272553462313 0.96600955362927 +1.23886921536789
4 1.0 £ 0.87998582176421 0.97053510266510  +£0.95722682653782
5 1.0 + 1.28073944928129  (0.99214245914242 +1.26048962626170
6 1.0 £ 0.91475122405407  0.99333628602629  +0.93918174153968
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Figure 48 |IR coefficient quantization
example. (a) Poles and zeros of H(z) for
unquantized coefficients. (b) Poles and
zeros for 16-bit quantization of the direct
form coefficients.
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TABLE3 UNQUANTIZED CASCADE-FORM

COEFFICIENTS FOR A 12TH-ORDER ELLIPTIC FILTER
k aik ary bok bk by
1 0.737904  -0.851917  0.137493 0.023948  (.137493
2 0.961757 -0.861091 0.281558  -0.446881 0.281558
3 0629578 -0.933174 0545323  -0.257205 0.545323
4 1.117648  -0.941938 0.706400 -0.900183  0.706400
5  0.605903 -0.984347  0.769509 -0.426879  0.769509
6 1173028 -0.986717 0.937657 -1.143918 0.937657

TABLE4  SIXTEEN-BIT QUANTIZED CASCADE-FORM COEFFICIENTS
FOR A 12TH-ORDER ELLIPTIC FILTER

LSLQ:"J"'Qﬁj'Q“a

k ang bog by by

1 24196 x 2715 27880 % 2715 17805 x 2= V7 3443 x 2717 17805 x 2717
2 31470 x 2715 28180 x 2715 18278 x 27160 29131 x 2716 18278 x 216
3020626 x 2719 30522 x 2715 17556 x 2715 8167 x 2715 17556 x 2713
4 18292 x 2714 30816 x 2715 22854 x 2715 20214 x 2715 22854 x 2719
519831 x 271 32234 x 2715 25333 x 2715 13957 x 2715 25333 2700
6 19220x 21 32315 %215 15039 x 2714 18387 2714 15039 x 214
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Figure 49 Direct form implementation
of a complex-conjugate pole pair.

Figure 51 Coupled form
implementation of a complex-conjugate
pole pair.
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Figure 50 Pole-locations for the

2"d_order |IR direct form system of
Figure 49. (a) Four-bit quantization of

coefficients. (b) Seven-bit quantization.
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0.99 < |H(e/®)| < 1.01,
|H(e/®)| < 0.001(i.e., —60 dB),

0 < |w| < 0.4m,

FIR aisge ik 1l

0.6 < |w| < .

TABLES UNQUANTIZED AND QUANTIZED COEFFICIENTS FOR AN OPTIMUM

FIR LOWPASS FILTER (M = 27)

Coefficient Unquantized 16 bits 14 bits 13 bits 8 bits
h[0] = h[27] 1.359657 x 1073 45 x 2719 11 %213 6 x 212 0x277
h[1] = h[26]  —1.616993 x 10~ —53x2715 13 x2713 —7x 2712 0x277
h[2] = h[25]  —7.738032 x 1073 —254 x 2715 —63 x 2713 —32x 2712 —1x277
h[3] = h[24]  —2.686841 x 1073 —88 x 215 —22 x 2713 —11 x 2712 0x277
h(4] = h[23] 1.255246 x 102 411 x 215 103 x 2713 51 %2712 2 x 277
h(5] = h[22] 6.591530 x 1073 216 x 2715 54 x 2713 27 x 2712 | x 277
h|6] = h[21]  —2.217952 x 1072  —727x2715 182 x 213 —9] x 2—12 —3x277
R[7] = h[20]  —1.524663 x 1072 —500x 2715 125 x 213 —62 x 2712 —2x277
h(8] = h[19] 3.720668 x 102 1219 x 2715 305 x 2713 152 x 212 5x277
h[9] = h[18] 3.233332 x 1072 1059 x 2~ 13 265 x 2~ 13 132 x 2~ 12 4x277
R[10] = h[17] —6.537057 x 1072 2142 x2715 53 x2713 268 x 2712  _gx277
R[11] = h[16] —7.528754 x 1072 2467 x 215  —617x2"13  —308x2712  —10x2"
h[12] = h[15] 1.560970 x 10! 5115 x 2715 1279 x 2713 639 x 212 20 x 277
h[13] = h[14] 4394094 x 10~ 14399 x 2715 3600 x 2713 1800 x 2712 56 x 277
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Figure 54 FIR quantization example. (a) Log magnitude for unguantized case. Figure 54 (continued) (d) Approximation error for 14-bit quantization.
(b) Approximation error for unquantized case. (Error not defined in transition band.) (e) Approximation error for 13-bit quantization. (f) Approximation error for 8-bit

(c) Approximation error for 16-bit quantization. quantization.
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0.99 < |H(e/)| < 1.01, lw| < 0.57,
|H(e/*)| < 0.01, 0.56m < |w| < .

e

3 3
: | + bz + 277 :
H(z) = 0.079459 [ | (1 TOomE T ) =0.079459 [ | Hx(2).

-—1 -2
— {1 — 2}
c 1 1k < 2k f—1

TABLE6 COEFFICIENTS FOR
ELLIPTIC LOWPASS FILTER IN
CASCADE FORM

k aik ang b1k

1 0.478882  —0.172150  1.719454
2 0.137787  —0.610077  0.781109
3 —0.054779 —0.902374 0.411452
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—7 Figure64 Models for 6" -order cascade system with transposed direct form |1 subsystems.

(a) Infinite-precision model. (b) Linear-noise model for scaled system, showing quantization

of individual multiplications. (c) Linear-noise model with noise sources combined.
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Figure 66 Frequency-response
functions for example system.
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Figure 69 15'-order |IR system. (a) Infinite-precision linear system. (b) Nonlinear
system due to quantization.
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Figure 70 Response of the 1%-order system of Figure 69 to an impulse.
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