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the basic MAC loop is
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loop over i from 1 to number of coefficients
Vp & Vp, + a:; * x; (jrelatedtoi)
Dutpﬁf ¥n h -

in order to implement in low-level programming
m for real-time we need to update the static buffer
— from now on, we'll assume that x values in pre-prepared vector
m for efficiency we don't use array indexing, rather pointers
= we must explicitly increment the pointers
= we must place values into registers in order to do arithmetic

loop over all times n
clear y register
set number of iteraticns to n
loop
update a pointer
update x polnter
multiply z < a * x (indirect addressing)
increment y ¢ y + z (register operations)
output v DEP

We still can't count cycles
m need to take fetch and decode into account
= need to take loading and storing of registers into account
= we need to know number of cycles for each arithmetic operation
— let's assume each takes 1 cycle (multiplication typically takes more)
= assume zero-overhead loop (clears y register, sets loop counter, efc.)

Then the operations inside the outer loop look something like this:

Update pointer to a;
Update pointer to ;
Load contents of a; into register a
Load contents of x; into register x
Fetch operation (MULT)

Decode operation (MULT)

MULT a*x with result in register =z
Fetch operation (INC)

Decode operation (INC)

10n D N WM7 DN DR ;. INC register y by contents of register z
A’ n gq it takes at least 10 cycles to perform each MAC using a reguiar CPU
T DR NIYYYT I 'R D78 DINX .12 Rt 725 IR 0'NN5n TWKRD ,n=0 DX NP'T2N 7W ["yn DX DT 17'9X 11NN

D"MVOANY7 |IN2'TAN N01DN
CPUA

e I = VR 3 B S LT o B e
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7 1mMonwni MACY? OPCODE 119010 -7"0 1'UY TX
Note that the result needs a special register

Example: if registers are 16 bit ALU with
. ADD, MULT,
product needs 32 bits MAC, ete bus
And when summing many need >40 bits pregisters memaory
The code now looks like this: | PC | | pa || px \
. ac:u.lrmlatnr req
1. Update poilnter to aj i EI

2. Update pointer to x;

3. Load contents of a; into regilster a
Load contents of %; into register x
Fetch operation (MAC)
Decode operation (MAC)

MAC a*x with incremented to accumulator y

1 & LA

However 7 > 1, so this is still NOT a DSP !

REGISTER ARITHMETIC

2'oNNY IX 9'0INY7 D'WTI'Y ,0FTNIM DNV0'AN ' 27,1 21wn N7IYD 71 NIWY? 210' X0 yad a1 1 ALU i we

DSPa ||
72y XN
2w apn
QTR 2

.N7X0 2 g'on LALUN DX rovin? '7a ,0viap

The two operations

B Update pointer to a; Uil
®m Update polinter to X5 ADD, MULT,
. MAC, efc bus
could be performed in parallel — =1 memory
p-registers
but both p.erformnlad by tlhe A.LU [ec| [oa || o]
So we add pointer arithmetic units wonecl B
one for each register accumulator registers
Special sign || used in assembler v | [= ][= ]
to mean operations in parallel
1. Update pointer to a; || Update pointer to x4

Load contents of a; into reglster a

Load contents of x; into register X

Fetch operation (MAC)

Decode operation (MAC)

&. MAC a*x with incremented to accumulator vy

However 6 > 1, so this is still NOT a DSP !
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MEMORY BANK

DN O'BUSN .NIIND'T 2 X, [ND'T7 NI7IYD 2 't 12 NIYYY D' 1R DX .TA72 1 '79 NInt 12 NIwy? QwoK |Nd'1a

D" 2w p%7,2n IX 7 vy avn? 7100 X7 11,y Tn X DNvny a7

So we add another bus AU v
and we need to define memory banks ADD. MULT,
nomnm that no contention ! AC. e bus
DSPn S0 : p-registers bank 1
XIn  There is dual-port memory |Pc | [pa||px]|
'WINKD  but it has an arbitrator e bus
o7 which adds delay } bank 2
accumulater registers
NN
yTnn ¥ a2 ||x
W Update pointer to a; || Update pointer to x;
27 2. Load a; into a || Load Xy into x
APM . petch operation (MAC)
1. Decode operation (MAC)
5. MAC a*x with incremented to accumulator y
However 5 > 1, so this is still NOT a DSP !
:D'TAYN 7w D10 2 W' L1210 DIZNA X7 KIN DX
(.1 oNa 7Y W' 712 IMIR2 DN D) D'RIR 2 X ,nanen D iwn? o -1
arvtnn -2
[Nt MTva 'Y
Arw oiwn  ¥an Neumann architecture oo bus
1oipna = ©ne memory for data and program ADD, MULT, data 1
= can change program during run-time Ll i
MARK2 nt p-registers
’ i bus
IUxN AWNNA Harvard architecture (predates VN) [2c] [pa|[ex] data 2
= one memory for program Tened ]
NINDSP Tayn = one m'emuryr (or murt_a] ft:r_ data bccumulstor registers bus
vnnunw Tn'n = needn't count fetch since in parallel EI program
TNINN a0 = we can remove decode as well (see later) ’
117 "WONN .0I'N
wanie 1. Update pointer to a; || Update pointer to xj
FETCHR . 10ad a; into a || Load & into =
DECODEN . mac a*x with incremented to accumulator Vi
2'953n7 LIYWOI

However 3 > 1. so this is still NOT a DSP !



[N* X7 210'20 TX .IN'R 2WN7 [N X7 ,LOAD |DTIynY? D'WIYY 1971 ,INK NIYYY? NN 'R ;102190 IR 01D TYNY 199
PIPLINE 2100 7127'n2 wnNWn? N1 72X ,TIV 19U

updaten 7w 'n'n 1t U

Then, on average, it takes 1 tick per tap

arithmetics

For large N => D or when we fill the pipeline

actually, if pipeline depth is D, N taps take N+D-1 ticks

LOAD A AT L the number of ticks per tap is 1 (this is a DSP)
MACh nT M
op
AT ,D XIn PIPELINEN niy DX Iy
2+D NI XYW U1 uz2 U3 U4 ubd
N'n DSPN N1dNN 7w NTIawn L1 L2 L3 L4 L5
PIPELINEN NX R'm"% M1 M2 M3 M4 M5
t t t t t t ¥ >
1 2 3 4 5 6 7
nya

,00INY? MAC D'wIvw n'7X
.02 AN 0 e
TAUN DX NYIVY UINI
NIt Nan' X7w axIT DSPN
Din'opnNN

M X7 nTw D7 o'
oynd

Most DSPs are fixed point, i.e. handle integer (2s complement) numbers only

m floating point is more expensive and slower

m floating point numbers can underflow

m fixed point numbers can overflow

Accumulators have guard bits to protect against overflow
When regular fixed point CPUs overflow

= numbers greater than MAXINT become negative
= numbers smaller than -MAXINT become positive

Most fixed point DSPs have a saturation arithmetic mode
m numbers larger than MAXINT become MAXINT

= numbers smaller than -MAXINT become -MAXINT
this is still an error, but a smaller error

There is a tradeoff between safety from overflow and SNR
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