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Why Digital? Analog Vs Digital filters

e Analog filters

Mature and well developed design methodologies available

Accuracy is limited, as they use components that are subjected to
tolerances

Any change in filter specifications calls for a complete change in
hardware with testing and verifications repeated

Storage and portability a cause for concern
Inherently expensive to improve accuracy

. Dlgltal filters

= Design is simple, borrows all concepts from its analog counterpart

Modifying the characteristics requires just a small change in software with
no hardware changes necessary

With everything digital and the advent of digital microcomputers, interface
IS extremely simple

Extremely accurate—> At least a 1,000 times better accuracy when
compared to its analog counterpart

6dB increase in gain with every bit of increase in resolution for fixed point

Must consider effects of round-off, finite-word lengths and limit cycles in
fixed point machines
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Sighal representations

 Analog
= Everything in continuous domain
= Analog in, Analog out
= Post processing difficult
» Frequency domain analysis difficult

e Digital
= Sampling done to analog signals to convert them to digital using an
Analog to Digital Converter (ADC)

= Conversion back to analog done after processing using a Digital to
Analog converter (DAC)

= Number representations and resolution a key to performance

W DIGITAL
AU = AC e TS e pntissor S DA

ANALOG IN I DIGITAL IN ANALOG OUT

SAMPLING FREQ

= [nput/Output easily captured and stored on digital media for post-
processing
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Number representations

 Types of binary representation
» Unsigned binary numbers
= Sign magnitude
»= 1's complement
= 2's complement

e Types of ternary representations
= Booth’s encoding
= Canonical Signed Digit representation
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Unsighed Binary numbers

e Used to represent positive numbers only

e Full range of 0 to 2N-1 available for a N-bit binary
representation

 Hassle-free number representations in the absence of
sign-bits

« Sometimes used for uni-polar representations

 Example
123=01111011b
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Sign magnitude binary nhumbers

e Simple conversion and representation of the binary
numbers

* Negative numbers included and the leftmost bit (MSB)
designated as the sign-bit

e Dynamic range from -2(N-1-1 to + 2(N-D-1 for a N-bit binary
representation

Hardware circuitry simpler
Rarely used in practice

Example /Sign bit
123=01111011,

/Sign bit
-123=11111011,
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1s complement binary humbers

* One of the widely used binary representation
Negative numbers can be represented with the leftmost

nit (MSB) as the sign-bit
Dynamic range from -2(N-D-1 to + 2(N-1)-1

representation

Representation of positive integers is similar to unsigned

Representation of negative integers is the complement
(bitwise NOT) of their positive representations

Example /Sign bit
123=01111011,

/Sign bit

-123=NOT(123=01111011,)=10000100,

Technology for Innovators®
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2s complement binary numbers

* The most commonly used binary representation among
digital devices

* Negative numbers can be represented with the leftmost
bit (MSB) as the sign-bit

e Dynamic range from -2(N-1) to + 2(N-1)-1

» Representation of positive integers Is similar to unsigned
representation

* Representation of negative integers is the 1's
complement (bitwise NOT) + 1, of their positive
representations

 Example /Sign bit
123=01111011,
Sign bit
-123=NOT(123=01111011,)+1,=10000101
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Summary of Data representations

Number Sign-magnitude 1s complement | 2s complement
-128 | | e 0x80=10000000
-127 OxFF=11111111 0x80=10000000 | Ox81=10000001
-126 OxFE=11111110 0x81=10000001 | 0x82=10000010

-1 0x81=10000001 OxFE=11111110 | OxFF=11111111

0x00/0x80=0/10000000

0x00=00000000

0x00=00000000

1 0x01=00000001 0x01=00000001 | Ox01=00000001
+126 Ox7E=01111110 Ox7E=01111110 | Ox/7E=01111110
+127 Ox7F=01111111 Ox7F=01111111 | Ox/7F=01111111
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Booth’s encoding [5]

* Done to increase the speed of execution of many
algorithms

« “-1" added to the existing binary set thereby converting it
to a ternary set

 Algorithm groups pairs of adjacent bits in the binary
representation resulting in a ternary set
et.=b,,—b, for 1=0to N -1 (N-bit representation)
« Example 123=01111011,= Binary format
123=64+32+16+8+2+1
123=011110110-Implied zero at bit position -1

ti:b\i—rl_bi
123 =10001 1O:~Lt =Ternary format, 1=-1
123 =128-8+4-1=123
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Canonical signed diqgit representation [2]

e Similar to Booth’s encoding: It increases the speed of
execution

« “-1" added to the existing binary set thereby converting it
to a ternary set

 Algorithm: Reducing groups of adjacent 1s and
representing them using a ternary set

* Leaves the Os unchanged

« Example
123 =01111011, = Binary format

123=011110 11 =01111101, =10000101,
—_— ——
grouped grouped
123 = 10000101t — Ternary format, 1 = -1
123=128-4-1=123
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Ternary representation of fractions

 Fractions can also be represented in a ternary form
« Booth encoding example

0.12345 =0.000111111001,
0.12345 =0.000111111001 O

~Implied zero

0.12345 =0.001000001011 55574

« CSD encoding example

0.12345 =0.000111111001,

0.12345 =0.000111111001,,
%/_J
grouped

0.12345 = 0.00100000 1001 ¢
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Existing Fast Algorithms

e Fast Multiplication
= Based on shift and add arithmetic

» Tailor-made for micro-controllers in the absence of a hardware multiplier
= Limited to integer-integer multiply

e Fast division
= Based on shift and add arithmetic
» Limited to integer-integer division

« Horner’'s scheme
= Also based on shift and add arithmetic
= Tailor-made for micro-controllers in the absence of a hardware multiplier
= Exhibits better accuracy for the same register-width limitations
= Supports integer-float multiplication and division
= Faster than the existing algorithms when used with CSD format
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Existing multiplication algorithm [5]

A register (initially 0)
SHIFT RIGHT
\/_|
C e ﬂn—l - 8 = g |—» I!‘I.p"u—l L q“
MULTIPLIER Q
ADD(1)YNOADD(D —
( mgnnlml E.-—L"’/
e — ]
-bit
adder S
Control
x'(:: .'if:qnuI::;gcr
0
| | LI | Mg
MULTIPLICAND M
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Existing Division algorithm [5]

{} SHIFT LEFT
a, |d,_ . s » ﬂu e q::-l " Y
A DIVIDEND Q
Quotient
/ setting
S H—
n+1 bit< ADD/SUBTRACT
-
ADDER
B Control
\‘H— sequencer
0 (m,_, * v o mey
DIVISOR M
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Horner’s algorithm for multiplication [2]

« Uses only shift and add instructions

e Based on the difference in the bit positions of 1s in the
multiplier

» Exhibits better accuracy compared to the existing
methods

 Finite word-length effects does not affect the multiplier

« Scaling of multipliers not needed and easily
accommodates floating point arithmetic

e |ncreases code size
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Horner's algorithm-Description

* Representation of multipliers
Fraction
0.12345 =0.000111111001,

Design Equations
X, =X-27+X
X, =X, 27 4 X
Xa=X,-2704 X
X, =Xz-2704X
Xe =X, -2+ X
Xg =X 270+ X

Final result = X5 -27%

Integer
441=0110111001,
Design Equations

X,=X-2t+ X
X, =X;-2%+ X
Xq =X, -2+ X
X, =Xz-284+ X
Xe =X, 2%+ X

Final result = X - 2°
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Digital Filtering 4

 Frequency characteristiCSs oy.pass
= Low-pass
= High-pass
= Band-pass
= Band-reject
= Notch

HIGH-PASS

 Basic types
* FIR
IR

BAND-PASS -

BAND-REJECT

NOTCH .y
>

FREQUENCY
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FIR filters

* Finite Impulse response filters

e Simplest to design

 Inherently stable

e Can exhibit linear phase across all frequencies

x(n) 1 1 1 1|

y(n)

M-1
y() = 2@ x(n-1)
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IR filters

e Conventional
» Designed directly from Analog filter counterparts
= Perform better than the FIR filter for the same order
= Recursive in both input and output samples
= Extremely sensitive to filter coefficients

» Performance is below par due to register-width limitations in fixed point
machines

 Wave Digital Filters [3,4]

= Answer to all the problems faced by conventional IIR filters
» Tailor-made for Fixed point low-end micro-controllers

= Extremely stable over non-linear operating conditions

» The coefficients have excellent dynamic range

= Little effect from register-width limitations

= Perform as well as the Conventional IIR filters

= [Lattice structure most widely used
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Conventional IR filter signal flow

X(n) bo + y(n)
+ !
-1
‘Ll
Z

<-az_$
z1 z1
| |
| | | |
Y | | Y
| |
| |
z'1 | | z1
| |
|

VR | -ans ;

M-1 N-1
y(n)= 2 b(i)-x(n-i)- kZa(k)-Y(n - k)
i=0 =1
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LWDE-Adaptor types

* The coefficients () ) of the LWDF is always between -1 and 1

* To improve the amplitude scaling performance the entire range [-1,1] is
divided into sub-ranges and different structures are used inside their

respective adaptor

Type 2 O<y<05 a=vy

Type 4 -1<y<-05 a=1+y
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Type 1 Adaptor structure

i

OUTF’1 ouTP2

P1=INP1 - INP2
OUTP2 =a * P1 + INP2
OUTP1 = OUTP2 - P1

INP1 INP2
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Type 2 Adaptor structure

INP1 1 a INP2
> -

P1

OUTP1 OUTP2

P1=INP2-INP1
OUTP2 =a* P1 +INP1
OUTP1 =a*P1 + INP2
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Type 3 Adaptor structure

INP1 a -1 INP2

P1

OUTP1 OUTP2

P1=INP1 - INP2
OUTP2 = a* P1 - INP1
OUTP1 =a* P1-INP2
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Type 4 Adaptor structure

INP INP2

OUTP1 OUTP2
P1=INP2 - INP1
OUTP2 = o * P1 - INP2
OUTP1 = OUTP2 - P1

© 2006 Texas Instruments Inc, Slide 32

Technology for Innovators” Wi TEXAS INSTRUMENTS




Special types of LWDF

e Cascade of LWDF

= Similar to cascade of Conventional IIR filters
» Useful when band-pass or band reject filters are desired

S I S

S

STAGE 2 STAGE 2
FILTER 1 FILTER 2
T T
OuUTP2 INP2 OuTP2 INP2
Ya Ya
INP1 OUTP1 INP1 OuUTP1
STAGE 0 STAGE 0
T T
A—IHIFQ II A—Iil—l II
t ‘ t ‘
OuUTP2 INP2 OuUTP2 INP2 OuUTP2 INP2 OuUTP2 INP2
Yo Y3 Yo Y3
INP1 OUTP1 INP1 OUTP1 INP1 OUTP1 INP1 OUTP1
i i Y Y 172 —
v . . -+ OUTPUT
INPUT
—.

-1

INP1 OUTP1 INP1 OUTP1 INP1 OUTP1 INP1 OUTP1 1/2
———=——QUTPUT
Y1 Y5 Y1 Y5
OuUTP2 INP2 OuUTP2 INP2 OuUTP2 INP2 OuTP2 INP2
A / / /
II HI Ii HI
INP1 OuUTP1 INP1 OuUTP1 INP1 OuUTP1 INP1 OuUTP1
Y2 Y6 Y2 Y6
OuTP2 INP2 OouTP2 INP2 OouTP2 INP2 ouTP2 INP2
{4IHI4j LIHIFj £ﬂIHI4j LIHIJ
STAGE 1 STAGE 3 STAGE 1 STAGE 3

Technology for Innovators®
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Special types of LWDF

e Bi-reciprocal LWDF

= Easier to design
= Lower order compared to conventional LWDF
= Automatically gives a cut-off at ¥4 the sampling frequency

STAGE 2 STAGE (n-1)
OUTP2 INP2 OUTP2 INP2
Y3 e ¥ 2*n1
INP1 OUTP1 INP1 OUTP1
A 1/2
HPF OUTPUT
L ,,,,,,,,,,,,,,,,,, JA Y
Lo
INPUT : T l . -
' 112
INP1 OUTP1 INP1 OUTP1 INP1 OUTP1 LPF OUTPUT
’Y:I- ’Y5 ............ ’Yz*n_l
OUTP2 INP2 OUTP2 INP2 OUTF2 INP2
! (N-1)
e W W
STAGE 1 STAGE 3 STAGE n
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Horner's algorithm with CSD

e Reduces the number of add operations in each multiply
resulting in less instruction cycles and smaller code size

* Faster execution maintaining the same level of accuracy

Multiplier

0.12345 = 0.000111111001, = 0.00100000 1 001-¢p,

Design Equations
X, =X-22+X
X, =X -2 4 X
Xg=X, 2714 X
Xg=X5:-21+X
Xs=Xg4-271+ X
Xg=Xg -2+ X

Final result = X4 -27*

Design Equations

With CSD | x,=X-273-X

> X, = X;-278 4 X
Final result = X, - 27>
2 add and 12 shift instructions

Reduction of 4 cycles per

multiply for this multiplier!!

6 add and 12 shift instructions
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Horner's algorithm for LWDFE

« With Horner’'s method used for multiplication the entire
LWDF can be done with just shift and add operations

s Adaptor O Tpe f Alphal=0. 33228647
mov.w R12, R11 s RAif=Input rample
sub.w &delay0O,R12 ;s ATE2=FY0
mov.w R12,R13
rra.w Ri13
rra.w Ri13
rra.w Ri13
rra.w Ri13
add.w R12,R13 S XTENAZ L)
rra.w Ri13
rra.w Ri13
add.w R12,R13 P - O R §
rra.w R13
rra.w F13
add.w Ri2,R13 s XI=XNIZAZD 2K
rra.w Ri13
rra.w Ri13
add.w Ri2,R13 5 XE=XFA2 2K

P1 =INP2 - INP1 rra.v¥ Ri3

OUTP2 =a * P1 + INP1 rra.w Fi3 s Fipal output=X4+2°-2
OUTP1 =a " P1 + INP2 add.w &delayd,Ri3 ; Design eguation implementation

mov.w F13, &delayO 5 Jgelialkd) upgated with OUTPAE0
sub.w Ri2,R13 5 ArF=0UTRIR
mov.w F13,R15 S Ara=oUTRIR

30 cycles / 54 bytes of memory
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Implementing LWDF on the MSP430

 The MSP430 supports a single cycle add/subtract and a
single cycle shift

o Approximately 30-35 cycles with every increase in the
order of the LWDF

« Good amount of accuracy when compared to a floating
point implementation

« Exhaustive documentation to implement these filters on
the MSP430 CPU

o Good performance at speech/audio sampling rates
* Real-time operation possible
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Example 1-Implementation of LPF

Sampling frequency =16000 Hz
Pass-band edge frequency = 3400 Hz
Stop-band edge frequency = 4500 Hz

Pass-band ripple =0.5dB
Stop-band attenuation =50dB
Filter type = Chebyshev
Order =9

e ' MSP430 Performance

140 4

120 . CPU frequency = 8 MHz
100} ] Cycles available between samples = 500

anl | Filter execution cycles =320

ol | % CPU Utilization =64 %

a0F
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Complementary output of the LPF

Do you need a High pass response at the same time?

 Complementary output available with no overhead in
design with just one extra instruction cycle

Frquency Respumes

200

150

Gain

100

0

000 8100 00 900
Frequancy in He
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Example 2-Implementation of BPF

e High pass filter cascaded with a Low pass filter

« Complementary band reject output available with no
overhead in design with just one extra instruction cycle

Sampling frequency = 8000 Hz
Lower stop-band edge frequency =700 Hz Frequancy Rtespanse
Lower pass-band edge frequency =950 Hz m ' ' ' ' '
Lower pass-band ripple =0.5dB 180 - mﬁ
Lower stop-band attenuation =50dB e
Higher pass-band edge frequency = 1500 Hz
Higher stop-band edge frequency = 1850 Hz |
Higher pass-band ripple =0.5dB 120 ¢
Higher stop-band attenuation =50dB £ quo b
Filter type = Elliptical
Order =14 T
60|

MSP430 Performance o}
CPU frequency =8MHz | | u
Cycles available between samples = 1000 “nﬁ%( T R R
Filter execution cycles =501 e
% CPU Utilization =50.1%
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MSP430 implementation of FIR and |IR

 Design methodology
= Difference equation implemented as usual
= Use Horner’'s method along with CSD for all multiply operations
» |nteger-Float multiplication with Horner’'s method extremely accurate
= Filter should be stable even with fixed register-widths for the coefficients

 Accuracy and execution time efficiency
= Horner’'s method provides good accuracy
= Each multiply takes approximately 25-30 cycles for 16-bit resolution for

coefficients
= Order chosen depending on the availability of cycles

= At least 10-times faster than a C — library implementation
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Example 3- Notch FIR filter

 Remove the 60Hz hum coming from the power lines
* A simple FIR Notch filter at 60Hz

e Extremely good accuracy
 Simple solution at a Low- 37430 e o |
CPU clock N
MSP430 Performance 0 20 40 60 8F(Jrequei(():3 . I_tZO 140 160 180 200
Sampling frequency = 400Hz
CPU frequency = 32768Hz
Cycles available between samples = 82
Filter execution cycles =52
% CPU Utilization =63.4 %
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Example 4- Notch IIR filter

* Do you need a higher roll-off? Use the IIR filter instead!!
« A stable IIR Notch filter at 60Hz with a narrow band

Frequency Response

* As accurate as infinite
precision

« Simple solution at a Low- | W F
CPU clock X H

MSP430 Performance 0 20 40 60 ?:()reque::.](():())/ N l-]'.ZZO 140 160 180 200

Sampling frequency = 400Hz

CPU frequency = 1.048576MHz

Cycles available between samples = 2621

Filter execution cycles =131

% CPU Utilization =5%
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Summary

e Filtering on MSP430

= Extremely simple and efficient

= LWDF eliminates the possibility of instability of IIR filters
= Performance close to Floating point implementation

= Code size is large when Horner’s algorithm is used

= Efficient MSP430 RISC architecture to boost your performance and
reduce power consumption

e Choice of Digital Filters over Analog filters

» Digital filters can make your design simpler and flexible
= Better performance in addition to lower cost
» Final cost is reduced with no external circuitry needed
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, modifications, enhancements,
improvements, and other changes to its products and services at any time and to discontinue any product or service without notice.
Customers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All products are sold subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

TI warrants performance of its hardware products to the specifications applicable at the time of sale in accordance with TI's
standard warranty. Testing and other quality control techniques are used to the extent TI deems necessary to support this
warranty. Except where mandated by government requirements, testing of all parameters of each product is not necessarily
performed.

Tl assumes no liability for applications assistance or customer product design. Customers are responsible for their products and
applications using TI components. To minimize the risks associated with customer products and applications, customers should
provide adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any Tl patent right, copyright, mask
work right, or other Tl intellectual property right relating to any combination, machine, or process in which TI products or services
are used. Information published by TI regarding third-party products or services does not constitute a license from Tl to use such
products or services or a warranty or endorsement thereof. Use of such information may require a license from a third party under
the patents or other intellectual property of the third party, or a license from TI under the patents or other intellectual property of TI.

Reproduction of information in Tl data books or data sheets is permissible only if reproduction is without alteration and is
accompanied by all associated warranties, conditions, limitations, and notices. Reproduction of this information with alteration is an
unfair and deceptive business practice. Tl is not responsible or liable for such altered documentation.

Resale of Tl products or services with statements different from or beyond the parameters stated by Tl for that product or service
voids all express and any implied warranties for the associated Tl product or service and is an unfair and deceptive business
practice. Tl is not responsible or liable for any such statements.

Tl products are not authorized for use in safety-critical applications (such as life support) where a failure of the Tl product would
reasonably be expected to cause severe personal injury or death, unless officers of the parties have executed an agreement
specifically governing such use. Buyers represent that they have all necessary expertise in the safety and regulatory ramifications
of their applications, and acknowledge and agree that they are solely responsible for all legal, regulatory and safety-related
requirements concerning their products and any use of Tl products in such safety-critical applications, notwithstanding any
applications-related information or support that may be provided by TI. Further, Buyers must fully indemnify Tl and its
representatives against any damages arising out of the use of Tl products in such safety-critical applications.

Tl products are neither designed nor intended for use in military/aerospace applications or environments unless the Tl products are
specifically designated by Tl as military-grade or "enhanced plastic." Only products designated by Tl as military-grade meet military
specifications. Buyers acknowledge and agree that any such use of Tl products which Tl has not designated as military-grade is
solely at the Buyer's risk, and that they are solely responsible for compliance with all legal and regulatory requirements in
connection with such use.

Tl products are neither designed nor intended for use in automotive applications or environments unless the specific Tl products
are designated by Tl as compliant with ISO/TS 16949 requirements. Buyers acknowledge and agree that, if they use any
non-designated products in automotive applications, Tl will not be responsible for any failure to meet such requirements.

Following are URLs where you can obtain information on other Texas Instruments products and application solutions:

Products Applications
Amplifiers Audio ww Ircom/audid
Data Converters Automotive [vww i.com/automotivg
DSP fisp t.con] Broadband [Www it.com/broadband
Interface Digital Control
Logic [ogic.ficom Military
Power Mgmt pRowerfr.coni Optical Networking [vww.fi.com/opficalnetworH
Microcontrollers  picrocontroller-tr.com Security
RFID Telephony [pww ir-com/telephony
Low Power Video & Imaging [vww fi.com/vided
Wireless

Wireless [vww Ti.com/wirelesd
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