STANDARD COMBINATIONAL MODULES

e DECODERS

e ENCODERS

e MULTIPLEXERS (Selectors)

o DEMULTIPLEXERS (Distributors)

e SHIFTERS

Introduction to Digital Systems 9 — Standard Combinational Modules



BINARY DECODERS

HIGH-LEVEL DESCRIPTION:
Inputs:  z = (z,-1,...,20), z; €1{0,1}
Enable E € {0, 1)
Outputs: v = (yon_1,...,%), ¥ € {0,1}

[ 1if (r=14) and (F=1)

Function: ; = 0 otherwise

n—1 :
=3 56]2*7
Jj=0

and
1=0,...,2" =1
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Figure 9.1: n-INPUT BINARY DECODER.
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EXAMPLE 9.1: 3-INPUT BINARY DECODER

Elxy x1 xo|T|Y7 Yo Ys Ya Y3 Y2 Y1 Yo
110 0 0/0/]0 O 0O OO O O 1
110 0 1/1{/0 O O O O O 1 O
1/0 1 0/2/0 0 0 0OO1O0O
1/0 1 1/3/]0 0001 0O
1/1 0 0/4/0 001 0O0O0TO
111 0 1/5(0 0 1 0 0 O O O
111 1 0/6/0 1 0 O O O O O
1/1 1 1/7/1 00 00 0 OO
0/l- - -/-/0 000 O0O0OTUO0O

BINARY SPECIFICATION:
Inputs: = (x,-1,...,20), x; € {0,1}
Ee{0,1}
Outputs: y = (yan_1,...,%), v € {0,1}

Function: vy, =FE -m;(z) , 1=0,...,2" —1
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EXAMPLE 9.2: IMPLEMENTATION OF 2-INPUT DECODER

! ! / /
Yo = r1xo  y1 = w0y = ikl Y3 = 1m0

.'_D_. Y,
=
S 8= )

-

Figure 9.2: GATE NETWORK IMPLEMENTATION OF 2-INPUT BINARY DECODER.
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DECODER USES

Instruction

OPCODE field

Other fields

Introduction to Digital Systems

4-Input Binary

En Decoder
15 ... 43210
coe | | L
LOAD
L » STORE
———» ADD Decoded
S operations
> JUMP

Figure 9.3: OPERATION DECODING.
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DECODER USES

Cell referenced when

address is
Data input Data input
00000000000010 Binary cell
. -
Address 14 g
+, 14 8 2 — Na”
RAM Module Address ———— e >
o 4 [ ]
14 © ®le
c
@7 x1) = 16383 | °
-, .
[ ]
Read/write
>
Read/write
Data output
v
(@) (b) Data output

Figure 9.4: RANDOM ACCESS MEMORY (RAM): a) MODULE; b) ADDRESSING OF BINARY CELLS.
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BINARY DECODER AND or GATE

e UNIVERSAL

Example 9.5:

L2X1X(
000
001
010
011
100
101
110
111

N
(]

N
—_

N
)

R O R, O OO+ O

OO OO L OO
OO LK, OKFrHr OO
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> = DEC(.CEQ,ZEl,CE(),1>
2’2($2,$1,$0> — N1 +Ys+ Y7

) = Yo+ Y3

)

Zo($2, X1, Xy) = Y2+ Ya+ Y5
ETl
y,
En 0 0
Y1

X
|_\
Binary Decoder
ESN w
INS
N

Figure 9.5: NETWORK IN EXAMPLE 9.5
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DECODER NETWORKS: COINCIDENT DECODING .

L = (ilefta iI’ight)

Lleft = <I77 L6y L5, .I'4>

Lright — (Ig, L2, X1, IO)

4
T = 2" X Tleft + Tright

= DEC <$Ieft>
— DEC<£right>

2 = AN D(ys, wy)

SRS

=2 x 54 ¢

Introduction to Digital Systems 9 — Standard Combinational Modules



X3 Xy X1 Xg

o| 1] of 9

4-Input Binary

11

1—En  Decoder
15 ..43210
| eoe [ [ ] ]
w1
—> oo —> oo l—D—> ZO
< < <
x,_0 S . . .
E\ I ° [ ] L4
1 [ - y ° ° °
X5~ £ 8 N 2
ol 28 | T~ |, .
X6_ 8—8 . E 1
0| = Z35
T —» YY) —» YY) —>
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‘ 1
[ ] [ ] :
E : : °
— XY} — XX —»
255

Introduction to Digital Systems

Figure 9.6: 8-INPUT COINCIDENT DECODER.
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n-INPUT COINCIDENT DECODER

<

S

R

DEC(Z1eft, )
DEC@righm 1)

(AND(Yon/2_1s Won/2_1)s - - -, AND(Ys, W), - . ., AND(yp, Wp))
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Xp2-1 %o

1 En DECODER W
W2n/2_1 [ X X ] [ X X ] Wo
Wi
—> XX —> XX —> ZO
q q q
Yo
[ ] [ ] :
[ ] [ ]
> .
X2 - . y y ¢
° L
° 8 ° °
[ ]
O ° ys
Xn1 & :
—» (XX —» Yy} —>
En 1 1 )
ZZn/ZSH
[ ) [ ] [ )
E . : .
— > ooe — ooe —»
20

Figure 9.7: n-INPUT COINCIDENT DECODER.
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TREE DECODING

14

Introduction to Digital Systems

s
I

(ileft , iright)
Lleft = (32'3, 32'2)

Lright = (71, 20)
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4-INPUT TREE DECODER

15

X9 X1 Xp
=6: 1 1 0
0
Level 1 E En DEC
3 1 0
0 1 0

1 0 En 1 0 En 1 0 En 1 0 En

Level 2 DEC 3 DEC 2 DEC 1 DECO

3 2 1 0 3 2 1 0 3 2 1 0 3 2 1 0
0 0 0 0 0 0 0|l O 1 0 0 0 0 0 0

215 212 Zg Zg=1 zZ, Z4s)

Introduction to Digital Systems

Figure 9.8: 4-INPUT TREE DECODER.
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n-INPUT TREE DECODERr

S
|

DEC(Zeft, &)

IS
|

(DEC(L:ight, w2n/2_1>7 cey DEC(lright, W), ..., DEC<$righta wo))
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X .
=left Xright
Xn1 X2 Xn2-1 %o
[ X X ) [ X X )
Level 1 E En DEC
W2n/2_ 1| eoe eoe WO
Wi
[ X X ) (X X ) o000
En En En
n/2
Level 2 pec 2'%1 ese DEC t ooe DEC 0
‘ [ X X ] ‘ ‘ [ X X J [ X X J ‘ [ X N J ‘
22 n 1 Zz(n/Z)t+S ZO

Figure 9.9: n-INPUT TWO-LEVEL TREE DECODER.

Introduction to Digital Systems
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COMPARISON OF DECODER NETWORKS

Coincident Tree
Decoder modules 2 2F 41
AND gates 2k -
Load per network input 1 decoder input | 2¥ decoder inputs (max)

Fanout per decoder output | 2 AND inputs | 1 enable input
Number of module inputs | 2k + 2 + 2281 |1 + k4 2F 4+ k2F
(related to number of
connections)

De|ay fdecoder T TAND | 2fdecoder

Introduction to Digital Systems 9 — Standard Combinational Modules
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EXAMPLE 9.6: 6-INPUT DECODER

E
X 5 O Y 2
° 1
Xl 8 XO — 0_>ZO
X 2 ) — 2 S 1>z
2 7 1 Xq S e 1
E v @ :
. X3 — & O
° 8 1 :
1 . X — 3 . .
5 —1 0 712
X4 3 S S 1 }—>
. 7 o} . 57
X5 o 5 — %63 S .
D [ J
17— Zg3
(a) (b)

Figure 9.10: IMPLEMENTATION OF 6-INPUT DECODER. a) COINCIDENT DECODER. b) TREE DECODER.
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EXAMPLE 9.6 (cont.)

Coincident Tree
Decoder modules 2 9
AND gates 64 —
Load per network input 1 decoder input |8 decoder inputs (max)
Fanout per decoder output | 8 AND inputs |1 enable input
Number of module inputs | 136 36
Delay 3d 4d

Introduction to Digital Systems 9 — Standard Combinational Modules
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Decoder : Cell array
| .
| Binary cell Data input
|
E=1 | N fe—
VAL .
0 —P> —
o 1
3 1 —/—» >
-O |
12 8 2 | P | «———
d a e [— | —> >
o
Address 8 E |
= 4005 |
[ ]
[ ]
| °
|
4096 lines
from decoder |
to cell array 4095 ‘
_> —>
Read/write
Data output ¥
(a)

Figure 9.11: a) SYSTEM WITH TREE DECODER.
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Decoder E=1 I Cell array Data input
|
|

A

eee O

(0]
w

()]
Binary
Decoder

A

WA

iyl

12 |

Address E=1

Ej____ﬁ

eee O
|

()]
Binary
Decoder

(o]
w

\ 4
A

—
|

>

— e, o

128 lines Y

from decoder Modified binary cell Data output
to cell array

Read/write

___________________________________

equivalent to coincident decoder

(b)

Figure 9.11: b) SYSTEM WITH COINCIDENT DECODER.
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BINARY ENCODERS
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Introduction to Digital Systems

Inputs
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Figure 9.12: 2"-INPUT BINARY ENCODER.

Outputs
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BINARY ENCODER: HIGH-LEVEL SPECIFICATION

Inputs:  z = (zo9n_1,...,20), x; €{0,1}, with at most one x; =1
E e{0,1}
Outputs: ¥y = (Yp—1,---,%), y; € {0,1}
Ae{0,1}
. |2 if (z;=1) and (F=1)
Function: y = { 0 otherwise

A — 1 if (somez; =1) and (F =1)
| 0 otherwise

and

Introduction to Digital Systems
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EXAMPLE 9.7: FUNCTION OF AN 8-INPUT BINARY ENCODER

[ A A A A A OO
So—-o 40—+ 0 0o
oo — 00 - -0 O
Joococo A+ -+ 0 O
DO = N M F 1O O~ O O
SIHooocoooocoo
JS|jlo—~ocoocoocoooo
oo oo ooc oo
JSooo 100 ocoo
S|loocoocoo—-oooo
FTooooo o oo
Slooocoocoo—o o
S|jloocoocoocoococo o
QI A A A A O

9 — Standard Combinational Modules
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BINARY SPECIFICATION OF ENCODER

Inputs:  z = (zo9n_1,...,20), x; €{0,1}, with at most one x; =1
E € {0,1}

Outputs: ¥y = (Yn-1,---,%0), ¥y; € {0,1}
Aed{0,1}

Function: y; = E-x(x), 7=0,...,n—1

AZE'Z(ZIZ@), ’L:O,

Introduction to Digital Systems 9 — Standard Combinational Modules
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EXAMPLE 9.8

Yo

Y1

Y2

Introduction to Digital Systems

E-($1+£C3+ZC5+£E7)
E-(I’2+£L'3+336+337>
E'(£C4+£C5+JJ6+ZE7)

E-(ZU()+£C1+332+333-I-£L’4+£E5+ZE6+337>
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X7 X6 X5 X4X3 X2 Xle

N Yo
=S rin
{1 e
> j—»yz

.

Figure 9.13: IMPLEMENTATION OF AN 8-INPUT BINARY ENCODER.
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USES OF BINARY ENCODERS

Wind direction
in unary code 0

Wind direction
in binary code

OF— 1
— 0

2—> 0

BINARY ENCODER

Figure 9.14: WIND DIRECTION ENCODER.
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PRIORITY ENCODERS: HIGH-LEVEL DESCRIPTION

Inputs:  x = (x9n_1,...,29), x; € {0,1}
Outputs: ¥y = (Yp—1,---,%), y; € {0,1}

Function:
~|eif (x;=1)and (2, =0, k>1i) and (F =1)
Y 7 10 otherwise
s 1 if (somez; =1) and (F =1)
| 0 otherwise
n—1
y= 3 y;2’
]:
and

Introduction to Digital Systems 9 — Standard Combinational Modules



8-INPUT PRIORITY ENCODER

31
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m
>

-Input Binary Encoder

Priority Resolution

n

>
2

N
1
=

O

n-1——>

Figure 9.15: PRIORITY ENCODER.
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PRIORITY RESOLUTION: HIGH-LEVEL AND BINARY-LEVEL
DESCRIPTION

Inputs: = (xon_q,...,2¢), x; € {0,1}
Outputs: 2z

| 1if (z;=1)and (v, =0, k>1)
] 0 otherwise
with i,k =0,1,...,2" — 1

e BINARY DESCRIPTION:

Function: z;

/ / / . n
Zi = Ton_1Ton_g ... TiqTi , 1=0,1,...,2" =1

OR ITERATIVELY

Ci—-1 = G+ &y

(4

Introduction to Digital Systems 9 — Standard Combinational Modules
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X, .
z
>0 2
X5
X3 ® Z3
X3
@ (b)

Figure 9.16: 4-BIT PRIORITY RESOLUTION NETWORKS: a) PARALLEL; b) ITERATIVE.
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USES OF PRIORITY ENCODERS

35

<— Device A

<— Device B

<— Device C

<«— Device D

Request E=1
lines ‘
> 0 En
lowest Highest
priority priority
ﬁ o request
1 o 0O >
O
E [ —>
> PROCESSOR
= 1
o4 »
2 5 1
o4
o >
3
Ac
highest Request

Figure 9.17: RESOLVING INTERRUPT REQUESTS USING A PRIORITY ENCODER.

Introduction to Digital Systems
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=1
X7 Xg Xs X4 Xz X5 X X
o ol 1| o| 1| o] ol 2| q En
¢ -
¢ > E%O
¢ | ED 0
Ol
t » 20 |1
¢ > gEZ
¢ P
-
I Y V VY VY VY V¥ AC
SHIFTER O<}

o<]

l l l l l l (x shifted left 2 positions with Os

inserted into vacated positions)
1 0 1 0 0 1 0 O

Figure 9.18: DETECTING THE LEFTMOST 1 IN A BIT-VECTOR AND REMOVING LEADING ZEROES.
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MULTIPLEXERS (selectors)

37

e HIGH-LEVEL AND BINARY-LEVEL DESCRIPTION

Inputs:  z = (xon_q,...,29), x; €{0,1}
s=(Sp-1,...,50), s;€{0,1}
Ee{0,1}

Outputs: z € {0,1}

x, if F=1

Function: z:{o o E—0

n—1 .
s= Y sj2]
Jj=0

2" —1
z=L" [,ZO i - m(s)

Introduction to Digital Systems 9 — Standard Combinational Modules
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Data inputs

38

E
)(0 > 0 En
X1 —> 1 CT)
<
X, —»{ 2 2
o
2 = Data output
=
Z
=
o Q
. =
1
c
o
n
XNy —>2 1
n-1 0
T [ X N ] T
Sn-l SO

Select inputs

Figure 9.19: 2"-INPUT MULTIPLEXER.
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EXAMPLE 9.11: 4-INPUT MULTIPLEXER

V)
—_

Va)
(=)

N

= = O O

i L Ry
R O = O
8

[\

(Tomo(s1, S0) + T1ma (81, So) + Tama(s1, So) + T3M3(51, S0))
(8|8 + 118780 + L2818 + T3518))

— E.
— F.

Introduction to Digital Systems 9 — Standard Combinational Modules



40

UTHJUU

[ |
[ |
A [
¢
E
S1 >0

Figure 9.20: GATE IMPLEMENTATION OF 4-INPUT MULTIPLEXER
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TYPICAL USES

RO R1 RO R R3 R4
0 1 0 1 2 3
SEA —> MUX A MUX B <« B
For n-bit operands, Mux A
A B and MuxB replicated n times
and connected to the corresponding
bit s of the input vectors.
FUNCTIONAL
P — UNIT
Example: SelA=1, SelB=2
Z =f(R1,R3)
Z= f(AB)

Introduction to Digital Systems

Figure 9.21: MULTIPLEXER: EXAMPLE OF USE.
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MULTIPLEXER AS UNIVERSAL COMBINATIONAL MODULE

e connect input variables z to select inputs of multiplexer s

e set data inputs to multiplexer equal to values of function for corresponding
assignment of select variables

e using a variable at data inputs reduces size of the multiplexer

Introduction to Digital Systems 9 — Standard Combinational Modules
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EXAMPLE

E(x9,x1,79) = X m(1,2,4,6,7)
= xh(x)x0) + 2o(112)) + T (X)) + T2(T12]) + (T 1)
= xhmi(x1, o) + Tyma(x1, T0)
+ Tomo(x1, o) + xamo(T1, To) + Toms(x1, o)

= xomo(x1, o) + hma (1, o) + 1 - ma(xy1, 20) + Toms(x1, T0)

Introduction to Digital Systems 9 — Standard Combinational Modules



=1
o > En
1 — > CT)
x
1 Q
’ 2
= I
1 —_ =
o
c
0 —> o
(e0]
1 —>
1 E—
2 1 0
T T T Select
inputs
X2 Xl XO
(@)
X
0 0 1
#
X 1 1 1
X

(b)
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=1
En
X2 D —— .
X %

2> s f = one-set(1,2,4,6,7)

1 —» §
2
X, — » =
<

1 0

Xl XO
(¢

X
Xy X % 1
X

Figure 9.22: IMPLEMENTATION OF f(xo,21,209) = one-set(1,2,4,6,7): a) 8-INPUT MULTIPLEXER; b) K-map; c) 4-INPUT

MULTIPLEXER.

Introduction to Digital Systems
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EXAMPLE 9.12: ONE-BIT ADDER

Inputs: @, b,c;, € {0,1}
Outputs: z, ¢y € {0,1}

a b ¢yl z Coy
00 00 O
00 1/1 O
01 01 O
01 1|0 1
10 01 O
10 1/0 1
11 00 1
11 11 1

z = (V) ¢+ (db)-c, +(ab)-c, +(ab)-cp,
= cinmo(a, b) + ¢, my(a,b) + ¢, ms(a,b) + c;ms(a,b)
Cout = 0-mypla,d) +ciym(a,b) + ciymsa(a,b) +1-ms(a,b)

Introduction to Digital Systems 9 — Standard Combinational Modules



=1 =1
C,in ’CTJ E
+1>0 1 9 1 2
= Y4 £ Cout
= > =] >
»2 = 2 =
5 5
Q. Q.
3 < 1—>l3 <
<t <
1 0 1 0
3 Y
a
b
C . c
z 'n Cout - n
O(1|0]1 0]0]|1]60
all1]0|1]0 al0| 1|11
b b
Cin Cin 0 Cin
a Cin Cin a Cin 1
b b

Figure 9.23: IMPLEMENTATION OF ONE-BIT ADDER WITH 4-INPUT MULTIPLEXERS.
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MULTIPLEXER TREES

47

Introduction to Digital Systems

Sleft = (S3752)
Sright = (81750)

0<j<3

Wj; = aj(4j+3right) ? —J —

<= wsleft

S = 4316ft =+ Sright

© = x4sleft+sright = Ls
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16-INPUT TREE MULTIPLEXER

48

X15 X14 X13 X12 X11 X10 X9 Xg X7 Xg X5 Xy X3 Xy X1 Xg
1 g3 2 10 g3 2 10 1 g3 2 10 1 g3 2 10
1 MUX 1 MUX 1 MUX 1 MUX
— 0 1o 1o 0
S1
0
So
1
Xl3 X9 X5 Xl

3 2 1 0
S E —En
31—1 MUX
Sy — |
2 0 0 l
Z=x9

Figure 9.24: TREE IMPLEMENTATION OF A 16-INPUT MULTIPLEXER.
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DEMULTIPLEXERS (distributors)

e A HIGH-LEVEL DESCRIPTION:

Inputs:

v, e {0,1}
§:<Sn_1,...780> ; SjE{O,l}

Outputs: y = (yon_1,.-.,%) , v €{0,1}

Functi

Introduction to Digital Systems

xr if (i

S s)and (F =1)
oY= 0 if (4

) or (B0

(4
(4

&_zsﬂfo<z<?hq
]_
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E
Yo
En 0 —
Y1
1 —p
Yo
§<’ 2 —>»
Data input oL
X .g— D
= :
=) .
O
O
y,n
a2
n-1 0
‘ [ X X J ‘
S n-1 SO

Select inputs

Figure 9.25: 2"-OUTPUT DEMULTIPLEXER.

Introduction to Digital Systems
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Data outputs
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EXAMPLE 9.13: 4-OUTPUT DEMULTIPLEXER

Flsy so|s|ys y2 y1 Yo
1/0 000 0 O =«
1/0 1/1)0 0 = O
111 0/2{0 = 0 O
111 1|3/ 0 0 O
O|- -/-{/0 0 0 O
y=F-x-ms), 0<i<2"—1

Introduction to Digital Systems 9 — Standard Combinational Modules
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PO

1 >0

Figure 9.26: GATE NETWORK IMPLEMENTATION OF A 4-OUTPUT DEMULTIPLEXER.
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DMUX
12 3

53

!

SO S1 S2 S3

0 1 2 3

MUX

X

\

FUNCTIONAL

f— UNIT

7= f(X)

Introduction to Digital Systems

For n-bit operands, Mux

and Dmux replicated n times

and connected to the corresponding
bit s of the input/output vectors.

Figure 9.27: DEMULTIPLEXER: example of use.
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SIMPLE SHIFTER
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S= YES—>
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Figure 9.28: n-BIT SIMPLE SHIFTER: a) BLOCK DIAGRAM; b) RIGHT SHIFT; c) LEFT SHIFT.

(©
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SIMPLE SHIFTER: HIGH-LEVEL DESCRIPTION

—tprts—r— (T o
d e {RIGHT, LEFT)
se{YES, NO}
Ee{0,1}
Outputs: y = (Yn-1,---,%) , y; € {0,1}

Function:
z;i1 if (d=LEFT) and (s=YFES) and (F = 1)
| @i if (d=RIGHT) and (s=YFES) and (£ =1)
Y=g if (s =NO) and (F =1)

0 if (£F=0)
for0<i:1<n-—1.

0 left shift with O insert
r_1 = {1 left shift with 1 insert
r,—1 left rotate

0 right shift with 0 insert
x, = ¢ 1 right shift with 1 insert
xo right rotate

Introduction to Digital Systems 9 — Standard Combinational Modules
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EXAMPLE 9.14: 4-INPUT SHIFTER

Control Data
S d T4 T3 To T1 Ty T_q
1 0 01 1 O
No shift NO - 0 0 1 1
Right shift  YES RIGHT 1 0 0 1
Left shift | YES LEFT 0 1 1 O
Ys Y2 Yr Yo
Coding:
S d
0/ NO 0 | RIGHT
1| YES 1| LEFT
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Xn Xp1 *%p2 X1 Xo X1
d N\ LEFT
_/T_DO RIGHT
* T2 = ~— 11l -E
s—.—Do—L‘ R ? 1Tt t
NO SHIFT LJ LJ
o000
Yn-1 Yo
(@)
Xn Xp1  Xp2 X1 X0 X1
S
En3 2 1 0 —En3 2 1 0
1 MUX cee 1 MUX
—|0 0
s
d
\ 4
Yn-1 Yo
(b)

Figure 9.29: IMPLEMENTATION OF A SIMPLE SHIFTER: a) WITH GATES; b) WITH MULTIPLEXERS.
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Inputs:

Outputs:

Function:

Introduction to Digital Systems

T = (Tpgpals- s TnyTpelye s X0, Toly.vey Top)
s€{0,1,...,p}

d e {LEFT, RIGHT)

Ee{0,1}

Y= Yn-1,--->%) , ¥y €10,1}

r;_s if (d=LEFT)and (E=1)
y; =1 Tips if (d=RIGHT) and (E =1)
0 if (F=0)
0<:<n-1

r; € 10,1}
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p-SHIFTER

Xpep1 Xn Xned Xg X1 X.p

S +> distance
log(p+1) n-bit p-Shifter En

d —»| leftright
l 000 l

Yn1 Yo

Figure 9.30: n-BIT p-SHIFTER.
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BARREL SHIFTER

Stage O
Stage 1
Stage 2
Stage 3

X
n+2p
0 or 1 SHIFT
0 or 2 SHIFT
Oor4 SHIFT
Oor 8 SHIFT

Figure 9.31: BARREL SHIFTER FOR p = 15.

Introduction to Digital Systems 9 — Standard Combinational Modules



UNIDIRECTIONAL SHIFTERS

61

X6 X5 X4 X3 X2 Xl Xo

So

En 3 2 1 0

1 MUX

2 1 0 En 3 2 1 0 En 3 2 1 0
MUX 1 MUX 1 MUX
0 0
v / v
Y3 Y2 Y1

Yo

Figure 9.32: MULTIPLEXER IMPLEMENTATION OF A 4-BIT RIGHT 3-SHIFTER.
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TYPICAL USES OF SHIFTERS

e ALIGNMENT OF A BIT-VECTOR

e REMOVAL OF THE LEADING (or trailing) BITS OF A VECTOR

e PERFORMING MULTIPLICATION OR DIVISION BY A POWER OF TWO

e EXTRACTING A SUBVECTOR from a bit-vector, using a shifter instead of
a selector
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