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Instruction Fetch
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Arithmetic and Logic Unit
ALU
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User Registers

Result bus

Video

CLK
11C

Data bus

Input

ALAR, ... AR,

AC. X, Y, OUT
ile: REG.sch
heet: PER These schematics use 74HCT but most components can be replaced directly with either
74LS or 74HC. Two notes to keep in mind: (1) 74LS uses more pawer and has lower V_OH.
E.g. when replacing the OUT register with 74LS, adjust the RGB resistors accordingly.
(2) For the clock 74HCT always gives the most desirable duty cycle and reliability.
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Multifuse F1 helps protect
the upstream power supply
against faults/shorts in the

Power
computer (e.g. those caused
by build errors or abuse)
PWR_FLAG PWR_FLAG
215y
750mA/180mQ/60V
o L% 2 +|ch
v SB= —
- - bt 220y
54819-0519 g

PWR_FLAG
Zener diode D1 protects

A decoupling (or bypass) capacitor in close proximity to every IC's power
pin pravides transient current when switching between logic levels.

vCce

C5 |C6 [C7 [CB |C9 |C10|C11|C12|C13|C14|C15|C16|C17(C18|C19|C20|C21|C22|C23|C24|C25|C26(C27|C28|C29|C30|C31|C32|C33|C34|C35(C36|C37|C38|C39|CLO[CL1|CL2

P VU P VU % VU [P VU IO NV IO NV IO VR IO VA P VY % VY P VR P VY P VY P VY P VY P VY O VY P VY P VY P VY P VY P VY VY P VY P VY P U P VY P VY U 0 U % U P W O U P U % VR % NV % NV % T
GND

the circuit against reverse

current and overvoltage

Pierce oscillator

To instruction fetch and control unit
PC, IR, D, WE

CLK1)

To user registers
AC, X, Y, QUT

The 47pF of C3 provides an additional CLK2—-CLK1 shift of
5ns, which is required when using the original 70ns SRAM
at 6.25MHz, or when overclocking in general. (It is not
needed when using a 55ns SRAM module at 6.25MHz.)

(1) Paower comes from the +5V that a USB charger provides. The data lines are not used.
(2) The oscillator generates 6.25MHz square waves. The HCT—inverter gives a long 2nd
clock phase. This is useful for the /WE pulse derived fram it. (3) The Power—On Reset

™
R1
Inverter
Buffer (for long ¢2)
U1A U1F UiB
Clock o1 2 13 12 3 4
T4HCTOL 7LHCTOL 7LHCTOL
N
« U1E
11 10
Y1 ; .
\ | 7LHCTO
b
6.25MHz,/30pF Optional booster
c1 c2
47p 47p
GND GND
vee
|
o To program counter PC
>
Reset %% GND RESET L1 =T
N> MCP100-450D
LED

R3
u2
D2 N

Power OK indicator

GND

(POR) supervisory circuit holds /RESET low for 350ms during power up and brown outs.
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BUSo).BUSO
BUST)-BUSL q
BUS2)-BUS2 ﬁ\
BUS3)-BUS3 ﬂ-\
BUSh) BUSA tg
BUS5)-BUSS 7
[BUSG)-BUSE,
BUS7)-BUS7
PC 0:3 PC 4:7 PC 8:11 PC 12:15
T T Vo3 e R N E Qo144 FC12
s PC2 s PCH Y1 5 s PC10 Y65 b Q13 PFCLS
Q212 PC2 Q212 4 ipy inzlpi Y5 PR o aol12_ PCik
Q311 PC3 Q311 PC7 Y0 3 Ipp Q311 C1 Yi 3 e 241 pcis
u3 u4 9 us 15 ue
o1 Tel_15 —2qpe Tc 9 Jpe Tel—15 5
— —Cep 7
74HCT161 7LHCT161 120 Cet  74HCT161 10 E:f JLHCTL6L
Cp 2,
1
QR —L dmR
[CLK1
PL
PH
RST
Instruction Register IR
3 2
DO Qo0
u7 4 1p1 a1 —2
PCO 21 75 TEF2<T 7 s w8
PC1 22 | g pQo L2 8_1p3 Q3 —2 To control unit
PC2 23 | 45 ba1 |18 13 | oy Qb |12
PC3 24 | ) DQ2 17 14 D5 Q5 15
PC4 25 | )y DQ3 16 17 D6 Q6 16
PC5 26 | 45 bas |15 ‘ 18 |p; U8B o[ 19
PC6 27 | s Das |14 ‘
PC7 28 | 05 pae 13 11 oo T4HCT273
PC8 29 | pg pa7 H2 L mr
PCY 31 40 27C1024 pas |10 To memory address unit
PC10 32 | a10 pQ9 -2 Non—inverting
PC11 33 | a1 Q10 -8 tri—state buffer
PC12 34 | a1 DQi1 2 Data Register D i 2 1oa 00a—18 IBUSE)
PC13 35 {a13 pa12 -8 3o W2+ b li1a 01a—16 IBUST)
PC14 36 {a1n DQ13 2 4 b1 Q1 2 6 12a 02a—1% IBUSS)
PC15 37 {p15 D14 4 7 12 Qb 8 13a 03a—12 [BUS3)
w38 ] DQis 3 8 [p3 Q3 —2 11 liop 00b—2—{BUST)Y
[A)-32 pow TE 240 13 1y Qu 12 13 b ﬂ 016—L—{BUS0)
vpp% 1‘7‘ D5 Qs 12 13 12b 02b g BUSZ)
D6 6 13b uto 03b 4
GND 18 | u9 87 19 (BUSH)
L _doEa  74HCT244
11 bep TLHCT273 19 HJorb
1 g Mr
The 16-bit program counter (PC) normally increments by one for every clock cycle.
Conditional branches can go to any location within the current 256—byte page.
Unconditional jumps go to any location in program memory.
When there is no branching, the memory space is linear and PC will cross page boundaries
Marcel van Kervinck and Walter Belgers
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Condition decoder

To BUS 6
Bus access decoder and RAM . 102
11
e PR [ a7 INV.CIN
3 0op [D—3—i3a
[[RO)y——2—o U11A 01p—5—[OF 1 s vz
_ 4605X—-101—-222LF T4HCT153
74HCT139 020——{AE vee HY—L0 tiob
. o, R=2.2kQ 11 4y
E 7 FF 12 9
03p 1E 12b Zb—2—X
E ® 50 0o~
L15 gep
~ 2 K 10| 14 SO
M
ode difgder - 2 g
R2 1 10 0o h15_ [D]AC rifo D11
IR3 2 a1 o1 pté [XLAC $182 ¢ i3
RE 3 la 02 ht3 [Y.DJAC s pis | s ? From AC
os h12 [YX]JAC g A€ and ALU
o4 pat_[DLX XC
6 tes ps p10 [DLY 2 YL To user
5 Neo o6 9 [DLOUT 88 019 | D20 registers
PN o7 A7 [Y.X++],0UT I Ju. n v, INV_A_IN INV_A_OUT ) 9
74HCT138
4605X—101-222LF
From vee _
instruction | ? o1 f2e
register J RE EH To memary
e | 1= o o o oR EL address unit
N
4
Instruction decoder U168 6 —
N " = “ 5 )7wcr32 (19
1 — 15 LD r%z—"rﬂ[}itjr" During write, AC and OUT are blocked from To user
IRS S0 00 =3 AND TSR M being written to by U16B and U16C. This way, W OR registers
IR6 M 01 =3 OR p v g vy - ED¢ all 6 memory addressing modes can be used 5
IR7 A2 02 . in ST instructions.
03 h12 XOR P = X o B ) u16C 8 m
0 11 ADD D32 | p33 |gi—e 14— INV_B_OUT 10 | 74HCT32
[D—8— &3 05 p10 SUB Fal = Tl - vee
[—3 N2 06 N2 ST D34 | D35 D36 W ~
4 Ny P N Bcc fus == Jw, mml fus o= J
N r &
74HCT138 03
16-bit jump (JMP) detector Il
INV_A_IN . Wired 1NGOP
; A A | e s P s .
i 28 ssssSsee T 74HCT139 02p-10 x OR LNeop D To program
g8 bohzebkfze counter
14 1o UL1B o1p-1lx L herss "
Buffer / - 13 ) PH)
Octal inverter g 0 Q AL oop-12 BF 12 u1ep
5 S
R coas
BEDS 1B A S| XXX breakdown symbol
000000 into 8 inverter gates The control unit expands 8—bit opcodes (IR) to 19 control lines. The scheme is orthoganal:
| o~ o N 39D Bit 0—1 control what is on the data bus: operand (D), RAM, accumulator or input.
INV_A OUT Bit 2—4 select the addressing mode during operations, or the condition during branches.
Bit 5—7 determine the operation performed by the ALU and the type of instruction.
To A Marcel van Kervinck and Walter Belgers
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Memory Address Unit
Quad 2:1 MUX
; 10a okt Al
I1a
> iob Sol7 A5
. u3s
1% ioc 12 A7
e e z
11 Joq 74HCT157 Lo A6
[D6)—20 14
115 0
—2qE
Quad 2:1 MUX
210 Sl AL
I1a 32kB/70ns static RAM
5
5 10b Zbl—7 A2 U36
11b
14 U34 AQ 10f po o0 [141BUSO)
10¢ 12 AO AL 9 |12
13 Zc AL ot F4BUST)
[DO) I1c . ﬁg 81 p 02 L3BUSD)
11 74HCT157
o 'Y 7d|—9 A3 Al ; o & %23US3> The 6.25 MHz system has a clock period of 160 ns.
11d A5 i D4 T3US‘*> In each clock cycle 1 RAM access and 1 ALU operation
[ED 1 e A6 A= 05 ;3U55> can be done sequentually. Therefore the computer
D 15 ¢ A7 | 06 T3U56> needs an SRAM speed of 70ns for reliable operation. In
A8 pe o7 2[BUST) the kit 55ns SRAM is included for additional headroom.
AS 22 /BF
Quad 2:1 MUX ﬁ?o ;’ A9 g 27
I e e [
I1a A12 2| pio
From control unit 5 A13 26,
5 Jo 20— A S
u33
ﬂ_-b ig 10c sl 12 A9 HM62256BLP -7
H I1c
74HCT157
% oo 2o AL
H 11d
1
——5
EH) 15 de
Quad 2:1 MUX
\Oa a4 AB EH EL AH AL Notation
H 1
) 5 m: ALS LoLoo YYYYYYYY  XXXXXXXX [y.x]
(7, 7 1 L H YYYYYYYY DDDDDDDD  [y,$dd]
z——1F
& —litb Vo = H L | 00000000 XXXXXXXX  [x]
[Y4) 14 . 12 AL2 H H 00000000 DDDDDDDD  [$dd]
— Zc
13 e
11 74HCT157
iy e —
[H) 1 Far speed and simplicity the memory addressing space is two—dimensional.
:> 15 og The address unit can create addresses in four different ways, as shown in the table.
The low address byte originates either from the operand (D) or from the user X register
The high address byte is either zero or comes from the user Y register.
Marcel van Kervinck and Walter Belgers
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o
[s4
<
2 9 2 2 CIN
Logic P Logic pag] Logic PaN] Logic S
Unit 3 g S Unit 2 g S Unit 1 g S Unit 0 g S
X X X X
N N N N N N N N 4—bit adders
o N o N o N o ~N| 7 co |
5 a1 sif—4 ALUDY
3 sob—1 ALUL)y
From 14 |y 5 13 ALUD)Y
cgpttrol 12 1, 26 410 ALU3)
uni
6 |
AL 2_g co—=
[AD ARO ﬁ B3  74HCT283 To user
B registers
ARL AR1
Dual 4:1 multiplexers
AR2 7 e
co
AR3 5 a1 sip—4 ALULY
32 s2—1 ALUS)
14 s 5313 ALUB )
12 _Ias uzs  suf—10 ALU7)
6 |
2 Z; cup—2
15 1835 74HCT283
11 lsu
~ o ~ o ~ o ~ o -
Back to
N N N Q N Q N N control unit
A a a 3
Logic Logic Logic Logic
5 E Un?t 4 g E Uﬂ?t 5 2 E Un?t 6 § E Un?t 7 Instruction L R CIN Result
= e = =
~ ~ ~ ~ LD 0 B 0 B
AND 0 AANDB O A AND B
SSRm & Saam 2 2 SS8w & Sa28m 8 Saxm & g SSdm &8 Sadam 2 29 OR 0 A OR B 0 A OR B
T T T 5T T T = 5T T I XOR 0 AXORB 0  AXORSB
owf<lm < SN G o owlelm o TN 9 SR ks b B I I T B T IR B s b B I op AT S A
ST A 0 0 A
) :'n R 8 SSiEE B Bcc 0  NOTA 1 -A
(SN be) Sl o[ M| [SINIBs e Sl (SN be) Sl
o ooo = T R a4 fa e or|or| o o = o ooo =
< << << < << << << << < << <<
This unit is the equivalent of two large 4—bit 74181 ALU chips that were at the heart of
. . . . . . many 1970s minicomputers. This design is inspired by Dieter Mueller's excellent notes
Each of the eight logic unit packages contains two 4:1 multiplexers we call L and R. R is fully programmable by the i R . L
truth table hosted in the control unit (ARO:3). It performs logic functions on both accumulator (A) and bus data (B). starting from http://6502.0rg/users/dieter/al/al_b.htm
L will either be zero or the value of the accumulator. Therefore it needs just one control line (AL).
The stage with two 4—bit adders combines L and R for a final result. The table lists resulting operations that we use. Marcel van Kervinck and Walter Belgers
heet: /A
During jump instructions, *—A" is computed so that the carry out (CO) indicates if the accumulator is zero. ETLZ'EtAL{J ngh/
During store instructions, A" is ‘computed’ so that, depending on addressing mode, the accumulator can be copied to X or Y as well. — - _ . - _
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ALUL ALU1
ALU2 ALU2
ALUS ALU3
ALU4
ﬁ’ﬁg ALUS
A>U6 ALUB
ALUS-ALUZ
Accumulator X register Y register Output register
2 2 2
ALU3 3 86 ALU7 6 14 ALUO 3 &9 ALU3 3 86
—ALeS 9 I'pg 5 aLsl 9 b3 Qo XL —ALY 9 I'po 5 —ALLD 9 I'np 5
ALU2 4 |0 g; o ALU6 5 o) a3 IX5 —ALUL__ & 1y g; 6 —ALU2 & ) g; 6
ALU1 7 _|p o ALU5S 4 oy w12 %5 ALU2 7 | o ALU1 7 _|{p2 )
ALUO 8 |p3 Q3 1 —3 ALUL 3 lpp Q311 %7 ALU3 8 |p3 @3 — ALUQ 8 |p3 a5 —2
ALUS 13 | T 30 ALU7 43 | Qb — ALUL 43 | Q=5
ALU4L 14 Q5 9 s 15 ALU6 14 Q5 ALUS 14 as5
— ALt 2t D5 ———————2QF T —ALSD 2t 15 — ALY 2t 1ps
A7 17 |p, 4T aetf 7 e, T ALUS 17 |p, Ot as 18 AU 17 |po T asftE
ALU6 18 |y Q7 120 Cet  TLHCT161 ALU4 18 |y Q7 ALU7 18 |p5 Q7
Cp
U bep  74HCT377 [ U bep  74HCT377 11 _5Cp  7HHCT377
D) L g0 1 gWR '—10EU —Lq o
D
oL)
ALU3 [ 14
P3 0
From ALU2 S Ipo 81 13 ég
control ALU1 4 |pq w12 5
unit ALUOQ 3 Ipo Q311 1%3
u29
XL 9 e Tep12
X 7 Cep
[A)—L0 cet  7amcri6t
2 1)
1 _gvR
[cLk2
216 00a—8 [BUS0)
4 Mi1a 0taf—16 IBUST)
6 1i2a 02314 1BUS2)
8 i35 03a—12{BUS3)
11 liob 00b—2—{BUS7Y
13 li1b ﬂ 01b—Z2—{BUS6Y
13 12b 02b—2—1BUSH)
17 i3p 28 03b—>—{BUSH) Besides PC there are four user registers: AC, X, Y and OUT, each has 8-—bits.
[AE) 1 dor e AC is the accumulator for calculations. X and Y are used to form memory addresses.
19 OEZ Y is also used by the JMP instruction. OUT is the primary output register.
Only AC can write back to memory, the others are effectively write—only.
Bus gateway AC Marcel van Kervinck and Walter Belgers
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The RGB resistor values depend on the 74xx sub—family of the QUT register:
7400/74LS: 390Q / 820Q
74HCT/HC: 750Q / 1500Q

O

J3
DB15_FEMALE_HighDensity_MountingHoles
6l o
1o ol
Lo
g o of2x
3 O 5 DB15 connector for 64 colors analog Attenuation from 74HCT output to audio
9 O O RGB video out (VGA compatible) line level by two overlapping filter slopes:
*1° f_L (700Hz) > f_H (160Hz)
x—tHo oftt
10 "
516 o5 5.00 T
450
ol 400 |
Blinkenlights 350
3.00 |
V 250 == ow pass
o LED “ 200 7 «{=High pass
2MZ} 5 R }— 122 Line out
D8 :
LED 050 | ) g —
2 4”7 I E}_ 000 . . . . 1
Extended output ‘0/7‘ g 33 65 131 262 523 1047 2093 4186
LEDZ} N f
Q0 2 2% 3 [jR o
L 2 D6
Q2 LED
9 PINTi4 2
Q3 R
94 |12 5 (e h AC coupling Line out
o5 |15 o High pass
a6 |16 LI 2
u3s 19 GND 2 i
Q7 l—\ﬂ_Pv
2
11 e, 74HCT273 3 x?%
g L 5 R IIN
4 S | SLEEVE
5 CONN-JACK—-STEREO-R/A-3PIN-3.5MM
V
GND
I R9
vce  DBI_MALE MountingHoles 3.5mm stereo audio connector
Audio for PC speakers or amplifier
vee
@)
SER_PULSE . [SER_PULSE
o Game controller input
SER_LATCH & [SER_LATCH DBY connector for a
U39 "Famiclone” game controller
aA —15—(BUSO [SER_DATA
a8 —L1—(BUST
11 bsrelk ac —2—<BUS2
SRCLR ap —3>—BUS3
af —+—BUSG
——12 _SReik af —2—(BUSH
L g6 QG (7) BUS6 OUT gives 6 color bits and 2 sync bits far VGA. XOUT is the extended output register.
QH BUS/ XOUT is controlled indirectly through /HSYNC and AC. On a positive edge it clocks in AC.
g XOUT drives 4 blinkenlights and simple 4—bits audio. The waveform comes from software.
/HSYNC and /VSYNC double as clocks for the game controller and receiving shift register.
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