Problem Set 1 Answers — Timing



Problem 1

Timing 2t ZX|O|C Of2f 2| 20| Chet =0 BSHHEE. theq, teco,
ts, thyi= 2125 Flip-flop2| clock-to-Q propagation delay, clock-to-Q
contamination delay, setup time, hold time= 2|03t t400mp.

tecomp = 2 Combinational logic2| propagation delay,

2|2 0| A Flip-flop ff1, ff20f] =2I5t= clock signal time2 & Tt
718 et

AR
<«
tdCQ = 150p5
tCCQ = 120p5 ff1
t, = 160ps ‘ Comb1 o o
tp, = 250ps
tacomp1 = 850ps "% * @ A
tacompz = 400ps Jp
tecomp1 = 200ps
tecompz = 100ps a b ff2 c
tax = 1150ps Comb2 > a
A
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Problem 1.1

. Oz 3|20 CHsH 7FE 22 hold time slackdt setup time
slack #f= Z+ZF 71510 2t

X
< & ¢ - d setup time slack = ¢ — (taco + tacomp1 +ts) = -10ps
taco = 150ps ¢ - d hold time slack = t.co + tecompr — tn = 70ps
teco = 120ps £1 a — b setup time slack = t., — (taco + tacompz +ts) = 440ps
t, = 160ps < Comb1 L P a — b hold time slack = t.co + tccompz — th = -30ps
tn =250ps A 2tAM minimum hold time slack = -30ps, minimum setup time slack = -10ps
tacomp1 = 850ps "= * @B .
tacompz = 400ps XD.SJ
tecomp1 = 200ps
tecompz = 100ps a b ff2 ¢
tere = 1150ps Comb2 b a
A
ck L L
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« 1.1 M negative slack O|
If-=0f O|F

timing violation= &l

Problem 1.2

1M 3|

UMt 42, timing violation 0| 7|

S| A5l OF Lt %A 7§ =9| bufferE O|-&3}0]
of ZotlAt 2 I, | 2|29 =

X ™= &) & 749 bufferE A RUSIH | =712 0|3 & & Of

2E90 E'-f.(._

ArEE bufferQI delay= 20psO|LCt.)

E

L4
tacq = 150pS
tecog = 120ps 1
ts = 160ps — Comb1 S PR
ty, = 250ps A
tacompr = 850ps ¥ @B *
tacomp2 = 400p5 KEs
tecomp1 = 200ps
tecompz = 100ps . ff2
teie = 1150ps Comb?2 D Q
A
o ® L
HE 3 IE 4

dE: 1. X1 ™ 50f buffer 17} &Y (clock skewZ 218l a - b hold, ¢ - d setup time

slack Z+Zt +20ps), X 20 buffer 17} &% (combination logic2| delayE =2{ a -
b hold time slack +20ps)

2. == X 50] buffer 270 &2 (clock skewZ 218l a - b hold, ¢ — d setup time s
lack ZtZ} +40ps)




Problem Set 2 Answers —
Meta-stability and number systems



Problem 1.1

Ol 2|20 CHotd, siE 2| = 2[F 0 A H|=7] & = signal a
7t 20{ 2Lt 7 SHA} £S5 O 3| 29| clock period= 1nsO|
M, signal a2 282 = HIE 2= 2| = LF 2| flip-flop Ol CH

oF setup time = 30ps, hold time = 15psO| 2t 7}HESHAL O] &
2, signal a2l state transitiond| CH3H flip-flop 2| =& state/|

meta-stability stateOf| W& =HE=2 H o 1 7}?

™M Meta-stability stateOf] BJE 28 = 51 - (30+15) / 1000 = 4.5%

teik




Problem 1.2

ULt 0| f &) Z 5*—?0'5

== o o
Synchromzer% 205U O] ALl &= Ofifor A0[H, of

H HE|Z 255 F0[=XA] 23850

e

Flip-flop 02] 7HE Ao EU2 2 M cycle LHO| meta-stabilityS SHZE = U =2 &
S F0|= WHO 2= meta-stability 3| 27HX| 7|Cl2|= AIZHS E8iFH &=, 0|2
I8 M= clock enableg AE3t7{LL serial FF 7|+~& H0| F& WiHo| QS
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Problem 2.1

MO Z LIEILHO| Tl =X} -1.46 2 s2.2 fixed-point format2
Z H3s10j 2t 0| [, absolute error®t relative errors Z+2f
of 2f.

P

ME -1.46 x 4=-5.84 — (round) -6 — (2s complement) 1010 — (sign bit) 110.10 (-1.5)
Absolute error : -1.46 + 1.5 =0.04
Relative error : (0.04) / 1.46 = 0.0273 or 2.73 %




Problem 2.2

. O|ZI'® 5E3 floating-point format(bias = 0)2 2 LtELLIO{ Tl ==
AF 01010110 dTIEHS = HSHSIO 2t

e

010E10110

10110 — (decimal) 22

010 — (decimal) 2, bias =0
22 x (1/32) x 2~ (2-0) = 2.75




Problem Set 3 Answers —
Memory cells and Huffman encoding



Problem 1

H 22 20| Chet =AM O[Tt Of2f =X Off Lt
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< F}
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Problem 1

SRAM write= Of2fl 2 tHA = &t = EICH

(StA 1) X &St = datadll A BL, BL 2H

(EtAl2) _ wL 2 high(n) = 4%

SRAM read+= Ofelf 3 ttA = &FF EICT

(StA 1)  BL,BL = high(1)Z charge A|Z

(CHA 2) WL = _high(1) = 273

(HA3)  BL,BL 9| 3tZ0| discharge &= ZHE ZX|
Flash write= gate0f| &%t M= 40 =0 ™A7t OxideE
S1ot= ® 2| & 0|8t AO|Ct =, MAH7t floating gatedl =
O17}H cellO| programO| k| RICt1 S, BiCH = WA L2 ™
erase T| Lt SFCE Program =l cell threshold voltage 7}
=OX| 11 Erase =l cell2 threshold voltageZt S OF&ICE,




Problem 2

ROM1

CtS 122 Huffman encoder?| outputO| Huffman decoder?| inputS 2 =07t

2| 20|} Encoder?| input2 5-bit codeO|H, 07| A=1,B=2, -, Z=262% LA}
A AFAE LIEI0| et ASCII codel| 31| 5-bitet Y XL}, ZH= SHEHe| Q812
codeE tree HENE 2T, treel| rootHf| A leafZ 7t= AE2= 6

codeE N STILt O|E S0, 2AtEE QRER, 21F, AZCZ O
1002 2 B EICE % 3}Eto| 1212 decodingS &0|3H|
tree2| node=2 EELt 2 nodelll= T4 9gt S

7] 213K labelling®t

ftype

rsi N
3 bits
4 bits
nnode

wpe 5 bits

00000,
000000
s 6 bits gpa000g
ROM2 DFF6 ; E”s
e its
5 5
| p g4 9 bits

- { =2 ] 5
count d irdy 6 bits
m rst DQ load 7 bits

3 bits
4 bits
5 bits

OR2 : 8 bits

36
37
o2 () 1) ﬁ mval ; 9bits z q X |
: 48 47 48 49




Problem 2.1

« ROM1Z

Zt ZX2] lengthlt =AE S X ZSHLE. Inputdf &=
output= 245

=

oE .

Input: 5'b01011 — ROM1 — Output: 13’b0111 000000100 (K)

Input: 5'b01001 — ROM1 — Output: 13b0100 101100000 (I)

Input: 5'b01101 — ROM1 — Output: 13b0101 000110000 (M)




Problem 2.2

=

ROM2= treeE MZ&SLLE Inputdl| S output= 2HAS
aE
Input: 6'b000001 — ROM2 — Output: 6b0 00010 (node: 1)
Input: 6'd000101 — ROM2 — Output: 6b0 00110 (node:5)
Input: 6'd001100 — ROM2 — Output: 6b0 01011 ( node: 12)
Input: 6'd010111 — ROM2 — Output: 6b1 01111 ( node: 23)




Problem 2.3

+ Huffman encoder®| inputtil 2Xt7 A< QI =ICtH
Mz QAT O|22 T4 20| /U= =
O| & 7}t=#3t= O| "= clock cycle SR
O|2t 71 23 QU+ module 0|8 (& XN2|=l A) SILIE
Hofgl,

e

7I2E7} count==2(0tX| Ol A F I bit)ofl =ESHH irdy?t CtZ EX}E DFF10| 2EE5I1
7t2E7} count==1(0tX| 2} bit)0f| E=25tH load?} C}S EXt2| length?t EXIE S
counter U shift register®i] 2 =$tCt,

7}% 23 9l= module 0| 2: COMP1




Problem 2.4

Huffman decoder® ftype 4127} 28

Ok

Ol 7 230tz

e

type M=7F 10| E|H CtZ X2 H HM bitdl 2} rootl] F children & 5tLE0YIA
search® CHA| A[ZFStCE SHX|2F R HEj D =4o0| O|R0{X|7] HMX|& typel| U2
227 20 ftype MZE MBSO reset 0|F A HH valid inputo] YUHE uj
HAO| rootOf| A A|ZHSHE S A7 SHCt.




Problem Set 4 Answers —
FSM design and counter design



Problem 1.1

Input°| X(1-bit)2} Output Z(1-bit)7} EIHSCE. Input| =A7F 1011 S 2 11013 Y of
E =g 1 0|22| Output2 12 EZTCE. M S State S 0l M A|=StC}

. 29 ZUZ UFSl= State transition diagram= Moore
Machine@ 2 L}E}L} 11, State transition tableS ZHdSHA| 2., (L,

statel| 77} A7 E[E 5 & A)

0 e .
/,’ - _f/ Sz | 1 l'.'/ 54\
S \ 0 / 0
/ / \__9__/ 0 o 9 e 1
/ 0,1
7 2 - )
Yo O\ / :
of ([ 1 (31 | %\ﬁ
> N2 /4 R
1
1 L - 1
~~ [ 53\7 0 ,f’/ 55\
M,‘H \ .y j.-' I\ J
N 0 0




Problem 1.1

Input2| X(1-bit)2t Output Z(1-bit)7} EXHTICL. Input2] =AM7F 1011 S2 11013 Y W
£ =g 1 0|22| Output2 15 ZZTILL XM F State= S 0l M A|ZEHLY

« 29| =S UIESl= State transition diagramS Moore
Machine2 £ L}EFLf 11, State transition table2 2F-&SHA| 2. (E,
stateQ| {7 E AL E|EE T A)

Next State
Current State X=0 <=1 Output(2)
SO Sn S1 O
S1 S? Sq O
S, S, S, 0
S, Se S, 0
SA S? Sﬁ O
Se S, S 0
S S S 1




Problem 1.2

e 1.10{A ZHdst I-HRC’ HfE*OE State= 37l 2| D-Flip Flop= 0| &5}
O implement&“if-l- 2k [, 2} state @t output01| Ot L= == U= 7
=] L Sum Of Product(SOP) Boolean & & 7t& 7tA3st &l SOP
Boolean A!2 K-mapS 0|&£35}0 '—fEH—HME (T, 74 2t AStE
SOP &;o|al_+ 7 B2 7Ha=2f sumit 7t A2 72| productE A

—_—

295 a br
2ot A)
Xa Xa
be 00 o)} 11 10 be 00 01 11
X{C} . O}O| iti ol
SH : 22| state transition table 0|8 wl ol ol 11 o ol ol ol
S,= 000, S,=001,S,= 010, S, = 011, S, = 101, S, = 100, S = 110 O U N IR I R
S, =100, S; = 1012 & 74 7tThet 40| &[X| &3 w1 x| x| o oo | x| x
—— ’ ’
at==xbc +ab + xbc” +xa 10l o 1 1 1 10| o 1 1
bt==b’c +ab + xc + xa c 7
ct==xa’ ,Z=ab xa a
00 01 11 10 0
be be
00 0 0 0 1 00 0
01 0 0 0 1 01 0
11 0 X X 1 11 0
10 0 0 0 1 10 0




Problem 2

Of2l =0 %l 4-bit synchronous up-counter 2712} x| A T 4=9
logic gateS AF230 00100100 A 11011017t X| count
upStl BtE 3= 7-bit counter module= 721510 2}, O| I,
Q& RESET 2127} 50{= Il 712 E = 0010010 & EROf| A
A ZFSHEL (B LD= DEt2 QA2 & load, UP2 count up, R
Qif= 02 & resetol M +=?[= R >LD > UPO|LC} AR
7t logic gate= NAND, NOR, AND, OR, XOR, XNOR,
INVE 73351 input 7H==0fl= X 2HO| BiC}.)

D3 Q3
D2 Q2
D1 Q1
D@ Qe

up

LD

A
|

[4-bit up-counter]

44|




RESET

Q3

Q2

Q1

00

uP
q LD

JAN

I
CLK

©—D3
@ — D2
0 — D1

1—De

1—R

Q3

Q2

Q1

Q0

0 ——0D3
0 — D2
1—D1
0 — Do

1—UP

— LD

11— R

CLK




Problem Set 5 Answers — Microcoded FSM



Problem 1

struction sequencing= 282 microcoded
| 20| L}

o
ok |0
=1

_n
)

Z

|0
-4
o0
ror

Lo

in3 inl

in2

s
I\ uPC

HD Q L d b=
| A_out “—a Memory = o

ind clk o o gutpar
inputs

i | Branch
Logic

clk

branch_instruction




Problem 1.1

|l

Instruction sequencingO| =HIE 7|

=

o
3|29 A EEE verilogE T-¢15IA| 2. (state
inl, in2,in3, in4, A out £ E3¥& A. R

A out2 022 X7|3}EIC}H)

dE : assign A_out = in3 ? {s{1'b0}} : (in4 ? in1 :in2 + 1'b1);




Problem 1.2

O El 22X & Instruction sequencings &850

microcoded FSM= g9l % 2 {0, memory2| sizegE =&
= A= 0|77 FAQI7}2

Qe IR 22 420N sequenceE 2t7tn, EEHS input W2 718 branchd}t?| &0,
B E state?} input2| Z0f CiSt WEE MEE LAt g7 W&o|ct.




Problem 1.3

. O}zl table2 =0{ %l 3
tableO|Ct. ZHASS &

ZHIEZ BRI L.

Z 9| block diagram & memory
15H0 timing diagram & (A)~(G)E

=2
=

Conditions Address Data
000 1110000100
i.  FOZl 3292| branch logic2 ((brinst[0] & in[0]) | (brinst[1] & in[1])) A brinst[2]2 001 0010100010
o|x|of UL} 010 0100010001
011 1000001000
i. Of2f 322 memorydl M&EE|E= micro instruction T+ O0|C}. 100 0010100101
Index 2 1 0 2 1 o0 3 2 1 o 101 1000001111

br inst br target outputs
3 3 4

iii. Posedge triggered Flip-Flop= O| & $tLC}.

iv. Output2 binary representation 2 ¢ EIC}




Problem 1.3

' | e
CLK !
| 1 (A) :4'b0100 - reset
| I I | I I I | I I
| ! [ I I I I I I
Reset __| | | | | ] | | ] | (B) :4'b0100
| | | | | | | [ | |
| | I I | | | p—— ,
InM I | | | | | | | | | (C) :4'b0100
n[1] . X . [ . X . .
1 1 1 I I 1 I 1 l I
| I I I | I I | | D) :4'b0010
Lo e—— ©
Info] | I | . I I | | | |
| [ [ I I I ] ] ] | (E) :4'b0001
| I I I I I I | I I
: : | I I I | I I ,
output { DA 1B @1 O ® ] F] @G, (F) :4'b1000
addr input Br inst Br target output Next addr Branch (G) :4'b0100
000 - 111 000 0100 - (reset)
000 00 111 000 0100 000 Branch
000 10 111 000 0100 001 upc + 1
001 01 001 010 0010 010 Branch
010 01 010 001 0001 011 upc +1
011 00 100 000 1000 000 Branch
000 00 111 000 0100 000 Branch




Problem Set 6 Answers —
Parallel multiplier and adder



Problem 1

4-bit /2] A(3:0) = [A3, A2, A1, A0]2} B(3:0) = [B3, B2, B1,
BO|E -5'-5}% parallel multiplier F(7:0) = A(3:0) * B(3:0)Z O}2f
o| =l ,7E*O| TS AKX} BtCt, Of2lf A8l (a)= parallel
multiplier?| 2f=s2 D8 =2 H#3ot Z40|H 18 (b)= dot
productl| Z21+= addend(dot)2 HE24oF 20|},

4z|’ 44
Dot products || e,
l l 26 25 24 23 22 21 20 26 25 2% 23 22 21 20
c 0000 O00000O0 i
ompressor _ 0000 = 00000
1 T 0000 000
_ i 0000 O
Final adder O: addend (dot)

. + e teteseeeas st et eae e s nra et et s benseases e nnasateaeene e snannensnanees
F

(a) (b)



Problem 1.1

2ol O (b)Ol M compressorl| IS A SO 2t

HE : rowE 27 0|52 THELCE




Problem 1.2

Compressor®| Al Full Adder(FA)2} Half Adder(HA)E 0| &
je| ZatE 2 £ 0fet.

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

2?1. 2?1—1 21‘! 2?1.—1 .E' 2?1 2?1—1 zn 2?1—1 .°:

EFuIIAdder - EHaIfAdder »

.
)
. e

--------------------------------------------------------------------------------------------------------------------------

St
=



Problem 1.3

- A3 0)7f00| Ottl 62| Hi=< [ (2)2| FARI HAE 0|23
compressors 1940t X} SFCE O FA2| cost= 3, HAS]
cost= 2% [ cost”t £| A7t E| =& compressor| s tH
2 J38C =2 0|1 X|A costE Tot2}. (FAQIHAE ALEE
0 220 HAISIES & A)

e A= 1100 = 01100|22 A2> 1, A0> 0 Heh: A= 1100 = 0110

00000 Q¢ 000000 _
OO 0Q AOE &0 @) OQ HA Al A= 0110 EE= 1100
] 1) A7} 0110 oj
° 7 © Zo 00000
Q

' oo A3, ADE BHAIO 000
ofe

56 00

0 000 0 0O OOOOO
a k=3
ololo o FA AL 00O HA AH8 2) A7} 11002 o

O 0 QU 00000
© O Q A1, AOE 40 O 00
00 /
0 000

O ONONONONG)

(ONOCRONONG) Cost: 2+3+2=7

Cost: 0

Cost: 0




Problem 1.4

« Compressorg 7+¢1& [If Carry Save Adder(CSA) B2 At
g Mo = Y5102t

A : interconnect, wiring, layoutO| 7#%X0|C},




Problem 2.1

« 2ZF 9| |ogic gate=2 LEZ I Z2 full adder(FA)S &t
Ct, @LEZO| FADRIS 0|51 12- b|t°| ripple carry
adder(RCA)S 1E1EA|2 ofgiel HEE ﬂﬂofO# s = adder
9| area?2}, input A[0] 22 B[0]FE OrX| 2 sum bit@! S[11]77t
X|2| delayE 7ot 2. —

Ae A B G,
3 D'@—S | | | logic gate :
Cin A0] B[] AT BI11)

FA | | | |

A B A B
Cout 0o—qc¢ FA Coutfcor **® & FA Couf— connl
N ; ‘
S Cuul 1 l
Area (um?) Delay (ns) S[0] s[(11)
2-input XOR gate 8 60 area : (6*3+8*2)*12 = 408(um?)
2-i AND
INPUt AND gate 6 30 path delay : 130+(70*10)+60 = 890(ns)
2-input OR gate 6 40




Problem 2.2

+ Parallel prefix adder2| group propagate P2t group generate
Gi:jg Pixs Pitj Gik, Grr= HSI |ogic gate 2 HPAGIA| L.
o[}, 2-input logic gate@HS O| L2}, (P, 2 ntHM Ol A
mEI T | propagateS 2| O|StCt)

ik k-1:]
MSB LSB

oA
1L




Problem 2.3

12-bit parallel prefix adderE 2)0| A 2t logic gateE O| &5}
O Of2 2| tree structured E 2SO 2. O|Uff 2.2 Of| A Lot
logic gate= A=A &A= CfX|SF0 J2[A| 2. tree structure
of 2 20| #7|St= Hi= 215 ofeliet 2o, A2M &
AHE AHESHE OA|l= R E5 Of2f|F Z Lt

By
% T

Si

jury




11




Problem 2.4

2.3 0| M Bt= parallel prefix adder2| area2f, input A[0]
B[] Ef OFX| 2} sum bitQ! S[11]77}X| 2| delayS OF2H 2

(SPC)(C Rl JN K8
Area (um?) Delay (ns)
2-input XOR gate 8 60
2-input AND gate 6 30
2-input OR gate 6 40

=
=
H

e
area : (14*11)+(18*20)+(1 6*12)=706(p.m2)

path delay : 60+70*4+60=400(ns)

A=)
—

=
=

11
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