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Datapath Elements

Datapath components store/transform data, put components 
together to form a datapath

Needed when we cover register-transfer-level (RTL) design

Datapath components
Muxes
Decoder
Shifters - N-bit, Barrel
Comparators - Equality, Magnitude
Adders - Two-level, Half, Full, Carry-Ripple
Registers - Parallel load, Shift, Rotate, Multi-function 
Counters - Increment, Decrement, Up, Down, Up/down, Parallel Load
Subtractor
ALUs (Arithmetic-Logic Unit)**
Register Files
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Multiplexer (MUX) Functionality and Implementation
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0
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Routes one of its N data inputs to its one output, 
based on binary value of select inputs
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Larger Multiplexers (MUX)

4x1 mux
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Muxes can be extended to larger designs
4x1 mux requires 2 select lines
8x1 mux requires 3 select lines
Mx1 mux requires log2(M) select lines
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Implementing a 4-to-1 MUX Using Logic Gates

How do we implement 4-to-1 MUX?
Truth table to circuit

If S1 = 0 and S0 = 0, output x1
If S1 = 0 and S0 = 1, output x2
If S1 = 1 and S0 = 0, output x3
If S1 = 1 and S0 = 1, output x4

s1 s0 f
0 0
0 1
1 0
1 1

x1
x2
x3
x4

4x1 mux

f

0

1
x1
x2

2

3
x3
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s1
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f

s0
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x2

x3

x1

x4
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Implementing a 4-to-1 MUX Using Smaller MUXes

Alternatively, we implement 4-to-1 MUX using 2-to-1 MUXes

4x1 mux
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0
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Decoder

2-to-4 Decoder

i0

i1

d0

d1

d2

d3 1
1

1
0

0

0

i0

i1

d0

d1

d2

d3 0

0

0
0

0

1
i0

i1

d0

d1

d2

d3

i0

i1

d0

d1

d2

d30

0

1
0

1
0

0

1

0
1
0

0

i0

d0

d1

d2

d3

i1

i1’i0’

i1’i0

i1i0’

i1i0

Decoder
Converts input binary 
number to one high output

“One-hot encoded”

2-to-4 Decoder
2 inputs, 4 four possible 
input binary numbers

Internal design
AND gate for each output to 
detect input combination
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Decoder with Enable

Decoder with enable e
Outputs all 0 if e=0
Regular behavior if e=1

i0
i1

d0
d1
d2
d3e 1

1

1
1

0
0
0

e

i0
i1

d0
d1
d2
d3 0

1
1

0
0
0

0

2-to-4 Decoder with enable

i1 10
0 0
0 1
1 0
1 1

e
0
0
0
0
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0 1
1 0
1 1

1
1
1
1
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0
0
0
0
1
0
0
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0
0
0
0
0
1
0
0

d2
0
0
0
0
0
0
1
0

d3
0
0
0
0
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0
1

i0

d0

d1
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i1

ei1’i0’

ei1’i0

ei1i0’
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e
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Decoder
Building Larger Decoders From Smaller Decoders

3-to-8 Decoder 
with enable i11

e

1

d0 0
d1 0
d2 0
d3 1
d4 0
d5 0
d6 0
d7 0

i01

i20

e

i0
i1i1

i0

e

i0
i1

e
i2

d0
d1
d2
d3

d0
d1
d2
d3

d0
d1
d2
d3

d4
d5
d6
d7

e i2’ i1’ i0’
e i2’ i1’ i0
e i2’ i1 i0’
e i2’ i1 i0

e i2 i1’ i0’
e i2 i1’i0
e i2 i1 i0’
e i2 i1 i0

We can build decoders of any 
size, N-input decoder: 2N

outputs
Use two-level logic 
Use smaller decoders

Consider a 3-to-8 decoder
3 inputs: i2, i1, i0
1 control input: e
8 (23) outputs: d0, …, d7

Build 3-to-8 decoder using 2-to-
4 decoders 
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Shifters

i2

q3 q2 q1 q0

in

i3 i1 i0

Left shifter

0 1 0 1 0 1 0 1
in

sh

i3

q3 q2 q1 q0

i2 i1 i0

Shifter with left shift or no 
shift

inL

i3

q3 q2 q1 q0

i2 i1 i0

inR

2 0
s0
s1

shL
shR

1 2 0 1 2 0 1 2 0 1

Shifter with left shift, right shift, 
and no shift

<<1

Symbol

Shifting (e.g., left shifting 0011 yields 0110) 
useful for:

Manipulating bits
Converting serial data to parallel 
Shift left once is same as multiplying by 2  
(0011 (3) becomes 0110 (6))
Shift right once same as dividing by 2
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N-bit Equality Comparators

a3b3 a2b2 a1b1 a0b0

eq

a3a2a1a0 b3

eq

b2b1b0

4-bit equality comparator

Outputs 1 if two N-bit numbers are 
equal

4-bit equality comparator with inputs 
A and B
a3 must equal b3, a2 = b2, a1 = b1, 
a0 = b0

Two bits are equal if both 1 or both 0
eq = (a3b3 + a3’b3’) * (a2b2 + 
a2’b2’) * (a1b1 + a1’b1’) * (a0b0 + 
a0’b0’)

Recall that XNOR outputs 1 if its two 
input bits are the same

eq = (a3 xnor b3) * (a2 xnor b2) * 
(a1 xnor b1) * (a0 xnor b0)
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N-Bit Magnitude Comparator

Indicates whether A>B, A=B, or A<B, for 
its two N-bit inputs A and B

Start at left compare each bit
If equal look at next bit
Stop if comparison not equal -- whichever bit is 
1 is greater. 
If never see unequal bit pair, A=B.

By-hand example leads to idea for design
Start at left, compare each bit pair, pass results 
to the right
Each bit pair called a stage
Each stage has 3 inputs indicating results of 
higher stage, passes results to lower stage

A=1011 B=1001
1011 1001 Equal
1011 1001 Equal
1011 1001 Unequal

So A > B

in_gt
in_eq
in_lt

out_gt
out_eq
out_lt

Igt
Ieq
Ilt

Stage 3

a3 b3

a b
in_gt
in_eq
in_lt

out_gt
out_eq
out_lt

Stage 2

a2 b2

a b
in_gt
in_eq
in_lt

out_gt
out_eq
out_lt

Stage 1

a1 b1

a b
in_gt
in_eq
in_lt

out_gt
out_eq
out_lt

AgtB
AeqB
AltB

Stage 0

a0 b0

a b

Igt
Ieq
Ilt

a3a2a1a0 b3b2b1b0 AgtB
AeqB
AltB

0

0
1 4-bit magnitude 

comparator
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Magnitude Comparator

in_gt
in_eq
in_lt

out_gt
out_eq
out_lt

Igt
Ieq
Ilt

Stage 3

a3 b3

a b

in_gt
in_eq
in_lt

out_gt
out_eq
out_lt

Stage 2

a2 b2

a b

in_gt
in_eq
in_lt

out_gt
out_eq
out_lt

Stage 1

a1 b1

a b

in_gt
in_eq
in_lt

out_gt
out_eq
out_lt

AgtB
AeqB
AltB

Stage 0

a0 b0

a b

Each stage:
out_gt = in_gt + (in_eq * a * b’)

A>B (so far) if already determined in higher stage, or if higher stages equal but in this stage 
a=1 and b=0

out_lt = in_lt + (in_eq * a’ * b)
A<B (so far) if already determined in higher stage, or if higher stages equal but in this stage 
a=0 and b=1

out_eq = in_eq * (a XNOR b)
A=B (so far) if already determined in higher stage and in this stage a=b too

Simple circuit inside each stage, just a few gates (not shown)
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Adders
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0
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0
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0
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1
1
0
0
1
1

1
1
1
1
1
1
1
1

0
0
0
0
1
1
1
1

s0
0
1
0
1
1
0
1
0

s1
0
0
1
1
0
1
1
0

c
0
0
0
0
0
0
0
1

b0
0
1
0
1
0
1
0
1

b1
0
0
1
1
0
0
1
1

a1
0
0
0
0
0
0
0
0

Inputs Outputs
a0
0
0
0
0
1
1
1
1

Adds two N-bit binary numbers
2-bit adder: adds two 2-bit numbers, 
outputs 3-bit result
e.g., 01 + 11 = 100   (1 + 3 = 4)

Can design using combinational 
design process, but doesn’t work 
well for reasonable-size N

Truth table too big
8-bit adder: 2(8+8) = 65,536 rows
16-bit adder: 2(16+16) = ~4 billion rows

10000

8000

6000

4000

2000

0
1 2 3 4 5

N
6 7 8

Tr
an

si
st

or
s

Number of transistors for N-bit adders, 
using state-of-the-art automated 

combinational design tool
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Half-Adder

b
co s

0

a ci

A:

B:+ 0

1 1 1 1

1

1

b
co s

1

a ci

1

1

b
co s

0

a ci

1

0

b
co s

1 SUM

a

0

s
0
1
1
0

co
0
0
0
1

b
0
1
0
1

a
0
0
1
1

Inputs Outputs

Step 1: Capture the function 

Step 2: Convert to equations

Step 3: Create the circuit

co = ab
s = a’b + ab’ (same as s = a xor b)

a b

co

co s

a b

s

Half-adder

Adds 2 bits, generates sum and carry
Design using combinational design process
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Full-Adder

Step 1: Capture the function

s
0
1
1
0
1
0
0
1

co
0
0
0
1
0
1
1
1

ci
0
1
0
1
0
1
0
1

b
0
0
1
1
0
0
1
1

a
0
0
0
0
1
1
1
1

Inputs Outputs

Step 2: Convert to equations

co = a’bc + ab’c + abc’ + abc
co = a’bc +abc +ab’c +abc +abc’ +abc
co = (a’+a)bc + (b’+b)ac + (c’+c)ab
co = bc + ac + ab

s = a’b’c + a’bc’ + ab’c’ + abc
s = a’(b’c + bc’) + a(b’c’ + bc)
s = a’(b xor c)’ + a(b xor c)
s = a xor b xor c

Step 3: Create the circuit

co

ciba

s

Full 
adder

b
co s

0

a ci

A:

B:+ 0

1 1 1 1

1

1

b
co s

1

a ci

1

1

b
co s

0

a ci

1

0

b
co s

1 SUM

a

0

Adds 3 bits, generates sum and carry
Design using combinational design process
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Carry-Ripple Adder
Connecting the Half and Full Adders Together

a3

co s

FA

co

b3 a2b2

s3 s2 s1

ciba

co s

FA

ciba

a1b1

co s

FA

ciba

s0

a0 b0

co s

HA

ba

(a)

a3a2a1a0 b3

s3 s2 s1s0co

b2b1b0

(b)

4-bit adder

Using half-adder and full-adders, we can build adder that adds like we 
would by hand
Called a carry-ripple adder

4-bit adder shown: Adds two 4-bit numbers, generates 5-bit output
5-bit output can be considered 4-bit “sum” plus 1-bit “carry out”

Can easily build any size adder
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Carry-Ripple Adder
With Carry-in

a3

co s

FA

co

b3 a2b2

s3 s2 s1

ciba

co s

FA

ciba

a1b1

co s

FA

ciba

s0

a0 b0 ci

co s

FA

ciba

(a)

a3a2a1a0 b3

s3 s2 s1s0co

ci

b2b1b0

(b)

4-bit adder

Using full-adder instead of half-adder for first bit, we can include a 
“carry in” bit in the addition

Will be useful later when we connect smaller adders to form bigger adders
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Basic Register

I3 I2 I1 I0

Q3 Q2 Q1 Q0
4-bit Register

D
Q

D
Q

D
Q

D
Q

I2I3

Q2Q3 Q1 Q0

I1 I0

clk

4-bit register

Typically, we store multi-bit items
4-bit binary number, RGB color encoding, etc.
Multiple flip-flops sharing clock signal
Loads data on every rising edge of clock

D Q’

Q

D type flip-flop has only one input (D for Data) 
apart from the clock
Stores Input D when C changes from 0 to 1
When the clock goes low, Q remains unchanged
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Example Using Registers
Temperature Display Module

a4x4
x3
x2
x1
x0

C

a3 a2 a1 a0

Te
m

pe
ra

tu
re

 
Se

ns
or

timer

Display

Present

b4 b3 b2 b1 b0

Display

TemperatureHistoryStorage

1 hour ago

c4 c3 c2 c1 c0

Display

2 hours ago

(In practice, we would actually avoid connecting the timer output
C to a clock input, instead only connecting an oscillator output to a clock input.)

Temperature history display
Sensor outputs temperature as 5-bit binary number
Timer pulses C every hour

Record temperature on each pulse, display last three recorded values
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Example Using Registers
Temperature Display Module Timing Diagram

15 18 20

0

0

0

18

0

0

21

18

0

24

21

18

25

24

21

26

25

24

27

26

25

21 21 22 24 24 24 25 25 26 26 26 27 27 27 27x4...x0

C

Ra

Rb

Rc

Q4

C

x4
x3
x2
x1
x0

Q3
Q2
Q1
Q0

Ra Rb

I4
I3
I2
I1
I0

Q4

a4 a3 a2 a1 a0

Q3
Q2
Q1
Q0

I4
I3
I2
I1
I0

Rc

Q4

b4 b3 b2 b1 b0

Q3
Q2
Q1
Q0

I4
I3
I2
I1
I0

c4 c3 c2 c1 c0

TemperatureHistoryStorage

Use three 5-bit registers
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Register With Parallel Load

Modify the register to load only on certain 
clock cycles

Add 2x1 mux to front of each flip-flop
Register’s load input selects which mux
input to pass

load = 0, existing flip-flop value
load =1, new value to load

I3 I2 I1 I0

Q3 Q2 Q1 Q0

4-bit Register
load

D

Q

D

Q

D

Q

D

Q

I2

Q2Q3 Q1 Q0

I1 I0

**connect to clk implied

1 01 01 0 1 0

I3

load

clk
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Shift Register

connect to clk implied

4-bit shift 
right register

D

Q

D

Q

D

Q

D

Q

Q2Q3 Q1 Q0

shr_in

clk

Previously designed shift right circuit (>>)
What if we want to store bits? 

Shift (Right) Register
Connect flip-flop output to next flip-flop input
Move each bit one position right
Shifts value of shr_in into the leftmost bit

i2

q3 q2 q1 q0

in

i3 i1 i0

Right shifter (just wires)

Shifter with right shift or no shift 
using MUXes

0 1 0 1 0 1 0 1
in

shr

i3

q3 q2 q1 q0

i2 i1 i0
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Shift Register
Shift or Retain Value

To allow register to either shift or retain, use 2x1 muxes
shr: 0 means retain, 1 shift
shr_in: value to shift in

May be 0, or 1

1 01 01 0 1 0shr

4-bit shift 
right register

D

Q

D

Q

D

Q

D

Q

Q2Q3 Q1 Q0

shr_in

clk
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Rotate Register

Rotate right register
Similar to shift right, but leftmost bit 
comes from rightmost bit

1 01 01 0 1 0shr

4-bit shift 
rotate register

D

Q

D

Q

D

Q

D

Q

Q2Q3 Q1 Q0

clk
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Multifunction Registers

Functions:
Operation

Maintain present value

Parallel load

Shift right

(unused - let's load 0s)

s0

0

1

0

1

s1

0

0

1

1

Many registers have multiple functions
Load, shift, clear (load all 0s)
And retain present value, of course

Easily designed using muxes
mux input connected to achieve desired function

D

Q

D

Q

D

Q

D

Q

Q2Q3 Q1 Q0

clk

3 13 13 1 3 12 02 02 0 2 0

I2 I1 I0I3

0 0 00

s0
s1

shr_in
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Multifunction Registers

Operation

Maintain present value

Parallel load

Shift right

Shift left

s0

0

1

0

1

s1

0

0

1

1

Let’s try a different 
multifunction register

D

Q

D

Q

D

Q

D

Q

Q2Q3 Q1 Q0

clk

3 13 13 1 3 12 02 02 0 2 0

I2 I1 I0I3

s0
s1

shr_in

shl_in

I3 I2 I1 I0

Q3 Q2 Q1 Q0

shl_in
shr_in

s0
s1
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Multifunction Registers with Separate Control Inputs

Maintain present value
Shift left
Shift right
Shift right – shr has priority over shl
Parallel load
Parallel load – ld has priority
Parallel load – ld has priority
Parallel load – ld has priority

Operationshlshrld

0
0
0
0
1
1
1
1

0
0
1
1
0
0
1
1

0
1
0
1
0
1
0
1

I3 I2 I1 I0

Q3 Q2 Q1 Q0

shl_in
shr_in

s0
s1

Typically multifunction registers have 
separate control inputs

Instead of s0=0, s1=1 means shift 
left, user can set input shl=1
Instead of s0=0, s1=1 means shift 
right, user can set input shr=1

I3 I2 I1 I0

Q3 Q2 Q1 Q0

shl_in
shr_in

s0
s1

load
shr
shl

I3 I2 I1 I0

Q3 Q2 Q1 Q0

Combinational 
Circuit

separate inputs for each function, need to design circuit 
to translate input to correct s0, s1 values
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Multifunction Registers with Separate Control Inputs

Maintain value
Shift left
Shift right
Shift right
Parallel load
Parallel load
Parallel load
Parallel load

Note
Operations0s1

0
1
1
1
0
0
0
0

0
1
0
0
1
1
1
1

OutputsInputs

0
1
0
1
0
1
0
1

0
0
1
1
0
0
1
1

0
0
0
0
1
1
1
1

ld shr shl

Truth table for combinational circuit

Formulate truth table
Inputs are control inputs
Outputs are S1, S0 values

shl = ld’*shr’*shl + ld’*shr*shl’ + ld’*shr*shl

shr = ld’*shr’*shl + ld

I3 I2 I1 I0

Q3 Q2 Q1 Q0

shl_in
shr_in

s0
s1

load
shr
shl

I3 I2 I1 I0

Q3 Q2 Q1 Q0

Combinational 
Circuit
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Register Operation Table

Maintain value
Shift left

Note
Operations0s1

0
1

0
1

OutputsInputs

0
1

0
0

0
0

Shift right
Shift right

1
1

0
0

0
1

1
1

0
0

Parallel load
Parallel load
Parallel load
Parallel load

0
0
0
0

1
1
1
1

0
1
0
1

0
0
1
1

1
1
1
1

ld shr shl

Maintain value
Shift left

Operationld shr shl

0
1

0
0

0
0

Parallel loadXX1
Shift rightX10

Register operations typically shown using compact version of table
X means same operation whether value is 0 or 1

One X expands to two rows
Two Xs expand to four rows

Put highest priority control input on left to make reduced table simple
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N-bit Up Counters

0000

01

00010010001101000101...11100 111110 00000001

ld
4-bit register

Ctc

4

4 4

4

cnt

4-bit up-counter

+1

cnt
tc C

4-bit up-counter

4

N-bit register that can increment 
(add 1) to its own value on each 
clock cycle

0000, 0001, 0010, 0011, ...., 
1110, 1111, 0000
Note how count “rolls over” from 
1111 to 0000

Terminal (last) count, tc, equals1 
during value just before rollover

Internal design
Register, incrementer, and N-
input AND gate to detect terminal 
count
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4-bit Down Counter

ld
4-bit register

Ctc

4

4 4

4

cnt

4-bit down-counter

–1

N-bit register that can 
increment (add 1) to its own 
value on each clock cycle 

1111, 1110, 1101, 1100, …, 
0011, 0010, 0001, 0000, 1111, 
…
Terminal count is 0000

Use NOR gate to detect

Internal Design
Register, decrementor, n-input 
NOR gate to detect terminal 
count

Digital Design
Copyright © 2006
Frank Vahid

ECE 474a/575a
Susan Lysecky

33 of 46

Up/Down Counter

ld 4-bit register

Ctc

4

44 44

4

cn t
clrclr

dir

4-bit up/down counter

4 4

–1 +1

1 02x 1

1 04-bit 2 x 1

Can count either up or 
down

Includes both incrementer
and decrementer

Use dir input to select, 
using 2x1: dir=0 means 
up

Likewise, dir selects 
appropriate terminal count 
value
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Counter With Parallel Load

ld
4-bit register

Ctc

4

4 4

cnt

ld

+1

1 04-bit 2x1

L 4

4

4

Up-counter that can be loaded with 
external value

Designed using 2x1 mux
ld =1, external value
ld = 0 incremented value

Load the internal register when loading 
external value or when counting
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Subtractor

1 1 00

0 1 1

1

1

1
0

-

1stcolumn

1 1 0
10

10

0 1 1

10 1

1-

3rd column

1 1 0
0

0

0 1 1

100 1

1-

4th column

wo

a3

a b

FS

wi

wo s

b3

s3

a2

a b

FS

wi

wo s

b2

s2

a1

a b

FS

wi

wo s

b1

s1

a0

a3 a2 a1 a0 b3

s3s2s1s0wo

wi

b2 b1 b0a b

FS

wi

wi

wo s

b0

s0
(b) (c)

4-bit subtractor a

1 1 0

0 1 1

1 1

1

10

-

2ndcolumn

10
10

Can build subtractor as we built carry-ripple adder
Mimic subtraction by hand
Use full-subtractor component

wi is borrow by column on right, wo borrow from column on left
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Two’s Complement Subtractor
Subtraction Through Additon

1
cin

BA
Adder

S

BA

N-bit

Using two’s complement
A – B = A + (-B) 

= A + (two’s complement of B) 
= A + invert_bits(B) + 1

So build subtractor using adder by 
inverting B’s bits, and setting carry in to 1
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Overflow

Sometimes result can’t be represented 
with given number of bits

Either too large magnitude of positive or 
negative
e.g., 4-bit two’s complement addition of 
0111+0001 (7+1=8). But 4-bit two’s 
complement can’t represent number >7

0111+0001 = 1000  WRONG answer, 1000 in 
two’s complement is -8, not +8

Adder/subtractor should indicate when 
overflow has occurred, so result can be 
discarded

How do we detect overflow?

1 1 1 1

0 1 1 1

+ 01 0 0

overflow

1 0 0 0

1 1 1 1

+ 10 1 1

no overflow
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Arithmetic Logic Unit (ALU)

S = 0001 0100
S = 0000 1010
S = 0001 0000
S = 0000 1111
S = 0000 0101
S = 0000 1111
S = 0000 1010
S = 1111 0000

S = A + B
S = A - B
S = A + 1
S = A
S = A AND B (bitwise AND)
S = A OR B (bitwise OR)
S = A XOR B (bitwise XOR)
S = NOT A (bitwise complement)

z
0
1
0
1
0
1
0
1

x
0
0
0
0
1
1
1
1

Inputs
Outputs

y
0
0
1
1
0
0
1
1

Sample output if 
A=0000 1111, 
B=0000 0101

Arithmetic Logic Unit (ALU)
Perform any of various arithmetic (add, subtract, increment, etc.) and 
logic (AND, OR, etc.) operations, based on control inputs 

Motivation
Suppose want multi-function calculator that not only adds and 
subtracts, but also increments, ANDs, ORs, XORs, etc
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ALU Implementation with Adder and AL-extender

More efficient design uses ALU
Not just separate components multiplexed  -- same problem as previous slide! 
ALU design uses single adder, plus logic in front of adder’s A and B inputs

Arithmetic-logic extender (AL-extender)
Modifies the A and B inputs such that desired operation will appear at 
output of the adder 
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Designing AL-extender

S = 0001 0100
S = 0000 1010
S = 0001 0000
S = 0000 1111
S = 0000 0101
S = 0000 1111
S = 0000 1010
S = 1111 0000

S = A + B
S = A - B
S = A + 1
S = A
S = A AND B (bitwise AND)
S = A OR B (bitwise OR)
S = A XOR B (bitwise XOR)
S = NOT A (bitwise complement)

z
0
1
0
1
0
1
0
1

x
0
0
0
0
1
1
1
1

Inputs
Outputs

y
0
0
1
1
0
0
1
1

Sample output if 
A=0000 1111, 
B=0000 0101

Function specified by ALU table
xyz=001 (S=A-B)

Pass a to ia, b’ to ib, and set cin=1

xyz=010 (S=A+1)
Pass a to ia, set ib=0, and set cin=1

xyz=011 (S=A)
Pass a to ia, set ib=0, and set cin=0

xyz=100 (S=A AND B)
Set ia=a*b, b=0, and cin=0

Similarly for others

Based on above, for each abext
Create logic for ia(x,y,z,a,b)
Create logic for ib(x,y,z,a,b)

Create logic for cin(x,y,z), to complete 
design of the AL-extender
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Designing an ALU – Example 1

Design a 2-bit ALU 
specified by the table S = A + B

S = A - B
S = A AND B (bitwise AND)
S = A OR B (bitwise OR)

z
0
1
0
1

Inputs Outputs
y
0
0
1
1

ia = a, ib = b, cin =0

ia = a, ib = b’, cin =1

ia = ab, ib = 0, cin =0

ia = a+b, ib = 0, cin =0

3
x

10

y

2

ia1

a1

310 2

ib1

b1

0 0

310 2

ia0

a0

310 2

ib0

b0

0 0

310 2

cin

0 1 0 0

IA

2-bit Adder
IB

cin

S

AL-ext
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Designing an ALU – Example 2

Design a 2-bit ALU 
specified by the table S = A

S = A + 1
S = A >> 1
S = B >>1

z
0
1
0
1

Inputs Outputs
y
0
0
1
1

ia = a, ib = 0, cin =0

ia = a, ib = 0, cin =1

ia = a>>1, ib = 0, cin =0

ia = 0, ib = b>>1, cin =0

3
x

10

y

2

ia1

a1

310 2

ib1

b1

0 0

310 2

ia0

a0

310 2

ib0

b0

0 0

310 2

cin

0 1 0 0

IA

2-bit Adder
IB

cin

S

AL-ext

0 0
shl_in

0 0
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Register Files

Example – Above-mirror display
Four possible display items, each 8-bit values

Temperature (T), Average miles-per-gallon (A), Instantaneous 
mpg (I), Miles remaining (M)

Too many wires, and big mux is too slow

MxN register file component provides efficient access to 
M N-bit-wide registers

If we have many registers but only need access one or two 
at a time, a register file is more efficient

D
at

a 
fro

m
 th

e 
ca

r’s
 c

om
pu

te
r

To the above 
mirror display

Above-Mirror 
Display Circuit

T
A
I

M

C

d0

d1

d2

d3e

i0

i0

i1

i2

i3

a0

a1

load

i1

8

8

8

8

8
Dd

8

x y

s1 s0

8-bit
4x1 mux

load

load

load

load

Reg0 (T)

Reg1 (A)

Reg2 (I)

Reg3 (M)

8-bit
2x4 dcd
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Register File

Instead, want component that has one data input and one data output, and 
allows us to specify which internal register to write and which to read

32

4

32

4
W_data

W_addr

W_en

R_data

R_addr

R_en
16× 32

register file

a

a
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Register File Timing Diagram

Can write one register and read one register each clock cycle
May be same register

0:
1:
2:
3:

?
?
?
9

0:
1:
2:
3:

?
22
?
9

0:
1:
2:
3:

?
22
?
9

0:
1:
2:
3:

?
22
?
9

0:
1:
2:
3:

?
22
177
9

0:
1:
2:
3:

?
22
177
555

0:
1:
2:
3:

?
?
?
?

9

3

Z

X

22

1 X

X

X 2 3

X 177 555

Z Z Z9 9 55522

X X3 31

cycle 1 cycle 2 cycle 3 cycle 4 cycle 5 cycle 6
clk

W_data

R_data

W_addr

R_addr

W_en

R_en

1 2 3 654

32

2

32

2

W_data

W_addr

W_en

R_data

R_addr

R_en
4x32

register file



16

Digital Design
Copyright © 2006
Frank Vahid

ECE 474a/575a
Susan Lysecky

46 of 46

Summary

Datapath components
Muxes
Decoder
Shifters
Comparators
Adders
Registers
Counters 
Subtractor
ALUs (Arithmetic-Logic Unit)**
Register Files


