Processors, FPGAs, and ASICs

Part 2: Processors to Fixed-Function

Stephen A. Edwards
Columbia University

Spring 2025



Spectrum of IC choices

Flexible, efficient You choose
Full Custom Polygons (Intel)
ASIC Circuit (Sony)

Gate Array Wires

FPGA Logic network

PLD Logic function

GP Processor  Program (e.g., ARM)

SP Processor Program (e.g., DSP)

Multifunction Settings (e.g., Accelerometer)

Fixed-function Part number (e.g., 7400)
Cheap, quick to design
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Euclid’s Algorithm

int gcd(int m, int n)
{
int r;
while ((r = m % n) != 0) {
m = n;
n=r;
}
return n;
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i386 Programmer’s Model

31

eax

ebx

ecx

edx

esi

edi

ebp

esp

eflags

eip

Mostly
General-
Purpose
Regqisters

Source index
Destination index
Base pointer
Stack pointer

Status word
Instruction Pointer

15

cs

SS

es

fs

gs

Code segment
Data segment
Stack segment
Extra segment
Data segment
Data segment



Euclid on the i386

int gcd(int m, int n)

{

int r;

while ((r = m % n) !=0) {

m = n;
n=r;
¥

return n;

ged:

.14:

.L6:

pushl
movl
pushl
movl
movl
jmp
movl
movl
cltd
idivl
movl
testl
jne
movl
movl
leave
ret

%ebp
%esp , %ebp
%ebx

8 (%ebp) ,%eax
12 (%ebp) ,%ecx
.L6

%ecx ,%eax
%ebx , %ecx

%ecx
%edx , %ebx
%edx , %edx

.14

%ecx,%eax

-4 (%ebp) , %ebx
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Sun’s

SPARC

Processor




SPARC Programmer’s Model

31

ro

ri

r7

r8/o00

r14/06

r15/o07

Always 0
Global Registers

Output Registers

Stack Pointer

31

r16/10

r17/11

r23/17

r24/i0

r30/i6

r31/i7

PSR

PC

nPC

Local Registers

Input Registers

Frame Pointer
Return Address

Status Register
Program Counter
Next PC



SPARC Register Windows

The output registers of the
calling procedure become the
inputs to the called procedure

The global registers remain
unchanged

The local registers are not
visible across procedures

r8/00

r15/o7

r16/10
r23/17
r8/o0 r24/i0
r15/07 | r31/i7
r16/10
r23/17
r8/o00 r24/i0
r15/07 | r31/i7
r16/10
r23/17

r24/i0

r31/i7




Euclid on the SPARC

int gcd(m, n)
int m, n;

{

int r;

while ((r = m % n) != 0) {
m = n;
n=r;

}

return n;

ged:

I11:

12:

save %sp,—-96,%sp
mov %10, %00
call .rem,?2
mov %il, %01
mov %00, %15
tst %15

be L2

mov %11 ,%00
mov %1i5,%1i1
call .rem, 2
mov %il, %ol
mov %00, %15
tst %15
bne,a L1

mov %il, %00
ret

restore %g0,%il, %00




Motorola’s
DSP56000
c. 1986




DSP 56000 Programmer’s Model

55 4847 2423 0
x1 x0 Source
y1 y0 Registers
a2 al a0 Accumulator
b2 b1 b0 Accumulator
15 015 015 0
] r7 H n7 H m7 \
| 4 || nd4 |[ m4 | Address
’ 3 H n3 H m3 ‘ Registers
70 |[ 0 |[ m0 |

15 0

Program Counter
Status Register
Loop Address
Loop Count

PC Stack
0 ]
SR Stack
0 ]

|| Stack pointer




X DATA BUS

Motorola DSP56000  xomes

Data ALU S

MULTIPLIER

ACCUMULATOR,

ROUNDING,
56 AND LOGIC UNIT

|EIFTER 56 1 ;

A (56)

B (56)
56 | 56
I

SHIFTER/LIMITER |




Motorola DSP56000 AGU

’47 Low Address ALU >i< High Address ALU 4>1

XAB YAB PAB

Pt

| Triple Multiplexer |

RO R4 M4 N4

NO MO

N1 M1 Address R1 R5 Address M5 N5
N2 | M2 ALU R2 | R6 ALU M6 | N6
N3 | M3 R3 | R7 M7 | N7

T A

Global Data Bus
. Program Address Bus




FIR Filter in 56000

move
move
move
move
movep
clr

rep
mac

macr
movep

#samples, r0

#coeffs, r4

#n-1, mO

m0, m4

y:input, x:(r0)

a x:(r0)+, x0 vy:(rd4)+, vO
#n-1

x0,vy0,a x:(r0)+, x0 vy:(rd)+, vyO

x0,y0,a (r0)-
a, vy:output




Tl
TMS320
C6201
VLIW
DSP

c. 1997

16 = 32-Bit
Register File
BO-815




Tl
TMS320
C6000
VLIW
DSP

Data path 1

Data path 2

Register file A
A15-A0

Register file B
B15-B0

L1

M1 | |D1

)@
X
]

M2

S2
Sl

L2

ISR

Dual 32-bit load/store path




FIR in One 'C6 Assembly Instruction

FIRLOOP:

ILDH .D1 +*Al++, A2 ; Fetch next sample
| | IDH .D2 =*Bl++, B2 ; Fetch next coefficient
|| [BO] SUB .L2 BO, 1, BO ; Decrement loop count
|| [BO] B .S2 FIRLOOP ; Branch if non-zero
| MPY .M1X A2, B2, A3 ; Sample x Coefficient
| ADD .11 A4, A3, A4 ; Accumulate result



FIR in One 'C6 Assembly Instruction

FIRLOOP:

ILDH .D1 +*Al++, A2 ; Fetch next sample
| | IDH .D2 =*Bl++, B2 ; Fetch next coefficient
|| [BO] SUB .L2 BO, 1, BO ; Decrement loop count
|| [BO] B .S2 FIRLOOP ; Branch if non-zero
| MPY .M1X A2, B2, A3 ; Sample x Coefficient
| ADD .11 A4, A3, A4 ; Accumulate result

Run in parallel



FIR in One 'C6 Assembly Instruction
Load a halfword (16 bits)

FIRLOOP:

ILDH .D1 +*Al++, A2 ; Fetch next sample
| | IDH .D2 =*Bl++, B2 ; Fetch next coefficient
|| [BO] SUB .L2 BO, 1, BO ; Decrement loop count
|| [BO] B .S2 FIRLOOP ; Branch if non-zero
| MPY .M1X A2, B2, A3 ; Sample x Coefficient
| ADD .11 A4, A3, A4 ; Accumulate result



FIR in One 'C6 Assembly Instruction

Do this on unit D1

FIRLOOP: l

ILDH .D1 +*Al++, A2 ; Fetch next sample
| | IDH .D2 =*Bl++, B2 ; Fetch next coefficient
|| [BO] SUB .L2 BO, 1, BO ; Decrement loop count
|| [BO] B .S2 FIRLOOP ; Branch if non-zero
| MPY .M1X A2, B2, A3 ; Sample x Coefficient
| ADD .11 A4, A3, A4 ; Accumulate result



FIR in One 'C6 Assembly Instruction

FIRLOOP:
ILDH .D1 +*Al++, A2 ; Fetch next sample

| | IDH .D2 =*Bl++, B2 ; Fetch next coefficient
|| [BO] SUB .L2 BO, 1, BO ; Decrement loop count
|| [BO] B .S2 FIRLOOP ; Branch if non-zero

| MPY .M1X A2, B2, A3 ; Sample x Coefficient

| ADD .LlT A4, A3, A4 ; Accumulate result

Use the cross path



FIR in One 'C6 Assembly Instruction

FIRLOOP:

ILDH .D1 +*Al++, A2 ; Fetch next sample
| | IDH .D2 =*Bl++, B2 ; Fetch next coefficient
|| [BO] SUB .L2 BO, 1, BO ; Decrement loop count
|| [BO] B .S2 FIRLOOP ; Branch if non-zero
| MPY .M1X A2, B2, A3 ; Sample x Coefficient
| ADD .11 A4, A3, A4 ; Accumulate result

Predicated instruction (only if BO non-zero)



Analog Devices ADXL345 Accelerometer

Vs Vbbio
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ADXL345 POWER
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SENSOR J L j r
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FIFO SDO/ALT
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J\ SCL/SCLK
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14 pins, 3mm by 5mm
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DE1-SoC Connections to the ADXL345 Accelerometer

u28
= HPS_I2C1_SCLK _
AINERAW sl scL_scLk
CyCIOnegV % HPS_12C1_SDAT »| SDA_SDI_SDIO
SoC’ | HPS_GSENSOR_INT T
HPS

ADXL345




I2C Bus Protocol

X/ N/ N/

tn

SCL

L |- tg —t7]

REPEATED STOP
CONDITION START CONDITION
CONDITION



ADXL345
Registers
(30, 8-bit)

Address

Hex Dec Name Type | ResetValue Description

0x00 0 DEVID R 11100101 Device ID

0x01 to 0x1C 1to28 | Reserved Reserved; do not access

0x1D 29 THRESH_TAP RAW 00000000 Tap threshold

Ox1E 30 OFsSX RAW 00000000 X-axis offset

Ox1F 31 OFsY R/W 00000000 Y-axis offset

0x20 32 OFsZ R/W 00000000 Z-axis offset

0x21 33 DUR R/W 00000000 Tap duration

0x22 34 Latent RAW 00000000 Tap latency

0x23 35 Window R/W 00000000 Tap window

0x24 36 THRESH_ACT R/W 00000000 Activity threshold

0x25 37 THRESH_INACT RIW 00000000 Inactivity threshold

0x26 38 TIME_INACT R/W 00000000 Inactivity time

0x27 39 ACT_INACT_CTL RAW 00000000 Axis enable control for activity and inactivity detection
0x28 40 THRESH_FF RAW 00000000 Free-fall threshold

0x29 41 TIME_FF RAW 00000000 Free-fall time

0x2A 42 TAP_AXES RW 00000000 Axis control for single tap/double tap
0x2B 43 ACT_TAP_STATUS R 00000000 Source of single tap/double tap
0x2C 44 BW_RATE RIW 00001010 Data rate and power mode control
0x2D 45 POWER_CTL R/W 00000000 Power-saving features control
Ox2E 46 INT_ENABLE RIW 00000000 Interrupt enable control

Ox2F 47 INT_MAP R/W 00000000 Interrupt mapping control
0x30 48 INT_SOURCE R 00000010 Source of interrupts

0x31 49 DATA_FORMAT RAW 00000000 Data format control

0x32 50 DATAX0 R 00000000 X-Axis Data 0

0x33 51 DATAX1 R 00000000 X-Axis Data 1

0x34 52 DATAYO R 00000000 Y-Axis Data 0

0x35 53 DATAY1 R 00000000 Y-Axis Data 1

0x36 54 DATAZO R 00000000 Z-Axis Data 0

0x37 55 DATAZ1 R 00000000 Z-Axis Data 1

0x38 56 FIFO_CTL RAW 00000000 FIFO control

0x39 57 FIFO_STATUS R 00000000 FIFO status




Register Documentation (only 3 pages)

REGISTER DEFINITIONS
0x00—DEVID (Read Only)

Register 0x1D—THRESH TAPIReodlmiw
THRESH_TAP registe i ight bt

valuefor ap inteerupts. The dta format mlnuineﬁ therefore,

the magnitude of the tap event s compared

I THRESH.TAP ol . T sl rts

)
undesirsble behavor i single tap/dovble tp interrupts arc
ensbled.

ACT.x Enable Bits and INACT x Enable Bits Adesp Bit
Aseting f 1 ensbes .y or Asstingort
Register x25—THRESH_INACT (Read Wirite) hisbit
The THRESH_INACT h e AUTO,SLES
3 AUTO.S ). [o7 Tos 3 Da
wehen any of the paric mode. device operation. Refer 0 the Link Bi secton or the Link Mode. | DATA_READY | SNGLETAP | DOUBLE TAP | Activty
nthe THRESH_INACT reister al ection o3 oz B ® ]
[07 106 05 [ 0% Tos 52 61 68 e Liactry | e paut | watermark | overun
ntrrup i enabed T o To Towrom T e | o
Register 0x26—TIME_INACT ment mode with  subsequent i, This s done to cnure that : bl e
LOW_POWER Bit fnctons o generae terupts, wheeas vl o 0 prvents
INACT registe i ightbits and contains n unsigned _ Register 0x28—THRESH_FF (Read/Write) x - ‘The DATA_READY,
time value Ryltsm\mg the amount of time that acceleration The THRESH_FF regis " the AUTO_SLEEP K,
T cgisterfor val for free-flldetection. d i which has.
1 sccLSH. Unlike THRESH_FF 1 determine e coniured befors enabling hirouput.
2.3 mylLSB. Note Rate Bits Messure Bt

Register 0F—NT MAP ()

Register Ox1E, Register Ox1F,Register 0x20—OFS ¥ = IB o
.,‘Fi’, ‘,m,i,,,‘,,”,w o o = E e ues b T T i) T vdis KOA A kvl s i esrenatods T oot reapy | SweieTae | poume e _| hetny
andtes o3 DXL34S o1

F-20)The The TIME_FF reg unsigned time Sleep Bit Any bis e 100 i this egister send e respeciveiterrupts o
vale stored i the offset registes is sutomaticalyadded o the vl in the THRESH_INACT register teINT
cekerston & THR R CTL (Read/Write) a |
: CT_CTL (ReadWrite) The sl ctor s 1S Avalueof O may resulinundesrsble [ 7] D | D5 | D4 [os o2 [oi]o0] .
st egisers. For addtonal nformation rgarding ofct o el e 5 fomayretin READ) Register ox30—iNT.
‘C.I:Twmdmw“mwmw e o e ‘m et ‘mjmm ‘Amwmt v e el vropt s nsbld. Vol btveen 100 [0 To \unk\A\no SLEEP | Measure | Sleep | Wakeup | wZF ,nd e e sl o i e o7 T
sliraton secton . " Link Bit Inlcp mod, oy the vy funcion canbe [ o | shoie me Doum( e m\vny
Register 0x21—DUR (Read Mrite) NACTace | NACT Xenabie | WACT Yense ‘mumw Register OA_TAPAXES (ReadWriee) U Wherthe DATA READY

s fos [0 2_ o1 oo & oty | ke o | weemak | v

“The DUR registe s eght it and contai

an unsigned tme

sclefactor s 625 s/LSB. A vallue o disblesthe single apl
double tap functions.

Register 0x22—Latent (Read/Write)

Thelstent

ACT AC/DC and INACT AC/DC Bits

T [0 [0 [0 | swwen [ [y [Tz
enshie

ensle | ensle

jon until

enables ac-coupled operation. I de-coupled operation the

Suppress Bit

beging, preventing the detecton ofativiy. This bit seiallylinks
the sctvity and inactivity fanctons. When this bt s set 0.0,
d

When cleaing the secpbi, it recommended that the part be

Bis et to i this et indicat tha herrespeciv unctions

“The DATA_READY,

THRESH_ACT and THRESH_INACT to determine whether
activityor inscivty s detected.

s s usigned time

wthe aceclrs

event o the strtofth time windovs (defined by the vindovs

value, New samplesof accleration re hen compared 1o this

sceelerton gratr than the valo in THRESH_TAP i present
between tap. Scethe Tsp Detection sccton for more detsls,
TAP_x Enable Bits

Aseting of 1 in he TAP_X enable, TAP_Y enable, or TAP_Z.

informaton can be found nthe Link Mode scton o ftiscor s of he INT_ENABLE egiser eings.
DATAY,and
v
DATAZ rgisters. The DATA_READY and watermark bis may
e i subscquet write This s don 0 cnsre ht by et malie eads, s dicted i the FIFO modedescriptions

“The sclefactor I 125 mLSB. A value o0 disblsthe double tap.
function.
Register 0x23—Window (Read/Write)

reference

in he FIFO section. Other bits and thecorrspondinginterupis,

the THRESH_ACT val
Similary: i ac-coupled operation fo inactiviy detection,

value representin the amount f time s the expision ofthe

Value i slected, the device compares the magnitude of the

tap detsction.
Register 0x28—ACT_TAP.
o6 o o2 o o0
X ACTZ | Adeep | TP X | Y | 9T

herwis
may have additiona noise, especaly fth device was aslep.
when the bt wasdleare

AUTO_SLEEP Bit
T6the link bit st asetting of 1 in the AUTO_SLEEP bit enables

second vald tp can begin.The sl factor s 125 m/LSB. A
Value f 0 disabls the double ap function.
Register 0x24—THRESH_ACT (Read/Write)

LACT registe is ight bis and hds th threshold
Valuefo detecting activiy The daa format is nsigned. o he
magnitudeof theactvity event s compared with the value in
the THRESH_ACT registe. The scale facor is 62.5 mg/LSB.
A value of 0 may result n undesicabe behavior i the activity
interruot s ensbled.

with THRESH_INACT. fthe diffrence i e than the value i
THRESH_INACT for the ime in TIME_INACT, the device s
considered inactiv and the inactivity nterrupt s tiggerd.

ACT.x Source and TAP_x Source Bits

matically switches toseep mode fthe insctiviy function i

event. A seding of 1 corresponds o nvolvement i the event,
anda seting of 0 corresponds to no involvement. When new

described in Table 20.

Setting
o oo Frequency (H1)
0 0 O
o 1 N
h o 2
' ' 1

below the THRESH_INACT
by TIME_INACT),Ifactiy is lsoenabled, the ADXLYS
automt

the new data. The ACT_TAP.

_RATE
s

single tap/double tap event occurs.

this sction or mre information on lcp mode.

[“Range |

o of data

Ik b g Rt 67 st bt
e st e digped o ol

susjzn Bit

The DATA_FORMAT s conirs e rsen

A setingof 1 the SELF_TEST bt spplis a seftestfrce 1o
the sensor, causing s i the utput dat. A valueof 0 disables
the slfacst force.

SPIBit

Avalue of i the SPLbit sets the device to 3-wire SPI mode,
and a value of 0 sets the deviceto -wire SPI mode



Analog Devices ADV7180 Video Decoder

XTAL1
XTAL

ANALOG
VIDEO
INPUTS

AN
AN2
A3
AN
AN51
AN61

0e

CLOCK PROCESSING BLOCK

| PLL | |ADLLT PROCESSINGl LLC
7%
A A 8-BIT/161-BIT
10-BIL, SoMbiz PROCESSING o PIXEL DATA
ADc BLOCK :> re P7 TO PO
AA || i
% [{FILTER pr— = .
S U aa g
-
x [IFILTER]] w <& [Versticer = HS
2 = FIELD2
= Hrifer COLOR a GPO!
FILTER z
DEMOD 5
3 SFL
S Z
REFERENCE | | 12C/CONTROL INTRQ
ADV7180 i
\J

&4

!

\J

SCLK SDATA ALSB RESET

A\

PWRDWN



R o
g s . s 3 A 5 Vet
ieterbort Giar [ [wis  [wicE |eian (XS] [Wicrn 6 crior - 5
1 Gom |eioms Jeom (e Boe |eove Jeoa  Jeow 1
| (5.1cer |6 icelel |L6 cois) e iceal 18 Lcap) [i6 ce —[us tcan 5 coio) - .
served 3 W [Reserved o]
served. 5| W [ MAN MUX_EN tes
o] W THI4L 8_THI
et (o[ ] YT [T [Esm s |
e | 3 E——
0 iness mm- ST_ROISED _|ST_NObEie] _[Sr_Notses]_[sT_Norsel
T o T o E——
O T [SOOerc _[WW]S0_OFF_CBl7_|3D_OFF_CBlel_|5D_OFF_CBi5) [3D_OFF_CBil
3l [ [50_0FF_Gri71_[sb_0re_Grle) | 50_0FF_Grts [5D_OFF_Chi
3] 7[5 |50 Satrationh [ 50_SAT Gl _|SD_SAT Chlel _[50_SAT_CBisI [5D_SAT Cotal
s | [w] 08 usn s susn 6] _[5D_SAT_CRG) [30_SAT_CHa]
[ [ reser W‘m 29 m— EGDELE__|NVBEGSIGN
o] m [ S — e [ecvaes [ nosaswronr o
7] — e ) L I
S ) [PUBEcbeLE [Pueecsia_[rusecir [roessJpveec e onooior[es
)OO e 11 L —
oo [wmabio o —focsar Fog)—[ospetoun [rodo_Joromn [
: Joc—locro 355 ko BT BT BT BT
[ ] 756 EC_[Woark Conro2 W [WWBIOCCHET)_[WVBIOCCMIOl _[WBIECCHTT [NVBECcMoT ) nwwmv B
; W 1 — - e e I e} o s oot
[ — [ o om
E 2 [F4_[OrveSrengih ] ORLSTR[oR S0 [oR SR ciil oA STRLCi [oR STR_S(1T_[oR ST 501 [meroior |15
[ vl 2o e  CESE T N LN TR T
oy ool — — T Vhodecons [0 I R Rer fer et
conconvd || a ook ~__ ook i e
5 | :‘LT Sl m_ Z51[Fa [Peskng Contl N e m
: “ T 7 7 T T 7 T 8 W T
roms G — I Jeoho e Jeam ]
T T e fowca—Jowen_Jowa
roms G ———— —
TR T V0 ToverT e oo oo o
s G o e Jws ] |
L B— < — . —
a] M (I ———
—

T
a0 e

v&mo

mma-—lm— (T

oty [ [
- 'wwwv
[PACComb Convol || CTAPSPIY| __[CTAPSFOl__[cowPil_|caweln) _[co ____[vawr v [vowro |
\DC Cormrol W____EM_-
m— (STT)

=[]

L T G M S
rmwm o iy o
& Eoe

Il

=]

ﬂlﬂ_



Fixed-function: The 7400 series
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