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lablZ_ade _linear.v

demonstrate single-slope ADC operation for physics 364 week 12
‘begun 2010-11-28

#* by Bill Ashmanskas, ashmansk8hep.upenn.edu

*/

* F *

‘default nettype none
‘timescale ins/lns

Ve
* Implement single-slope ADC
*/

module adce {

input wire clk, /7 68 kBz clock, for 1 kHz sample rate
input wire ‘Cmp ., s/ 1 if sample > DAC value, else 0
cubput wire [5:90] dac, /7 DAC used for comparing with sample
output wire [5:0] adc, // ADC output value

ocutput wire conv_done, // indicate next ADC value is ready
cutput wire sample_holad /7 closes FET switch for sample & hold

Vi
// modulo-68 counter: ramp §..83, then allow 4 extra ticks for processing
wire [6:0] count;
wire {6:0] count_next = (count==¢7) 7 0 : count+l;
dffe Nbit #(7) count ff (.clkicik), .ena{l}, .dicount next}, .glcoount)};
// ramp the DAL output during the 0..63 phase of counter
assign dac = count[6] ? O : count{5:0];
// new ADC value will be the largest DAC value for which sample>DAC
wire [5:0] newadcg;
diffe Nbit #{6) newadc ff (.clk(clk), .enalcmp}, .d{dacl}, .glnewadc));
// when 0..63 ramp is complete, copy newade into ADC output register
dffe mbit #(6) adc ff (.clk{clik), .ena{count==64), .d(newade), .glade));
~// when ADC output register has updated, strobe "conversion done" signal
cassign conv_done = {count=w=$5);
S/ before new ramp begins, tell sample & hold to get new sample

‘assign sample_hold = (count==68§);
endmodule
/*
i * Test bench for ADC
*/

. medule adc_th;
1 reg clk=0, cmp=0;
! . wire [5:0] adc, dac;
wire conv_done, sample_hold;
i ade uut (.clk(clk), .cmpicmp), .adc(ade), .dac(dac),
B .conv,_dene {conv_done), .sample hold(sample _hold));
i parameter period=1000000/68;
o initial begin
B $200;
forever begin
#{period/2};

clk = 1;
#{period/2);
clk = O

end
end
reg [5:0) sample = 0;
always B{*}) begin
cmp = {(sample>=dac);
if {sample_hold) sample = sample+l3;
! ) end
: always @ (negedge clk) begin
$display ("t=%1d dona-%ld sample=%1d dac=%1d cmp="%id ade=%1d",
Stime/period, conv_done, sample, dac, cmp, ade);

end
initial begin
#{(65%10000600};

S$finish;
end
endmodule
Pl /*
i * Implement N-bit-wide D-type flip-flop, with enable
:! 174
: module dffe_Wbit # (parameter N=1)
{
input wire clk,
o ipput wire ena,

i input wire [N-1:0] d,
] outpat wire [N-1:03 g

i - reg [N-1:0] qreg=0;
! always @ (posedge clk) begin’
if (ena) greg <= d;
end
assign g = greg;
endmodule
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ade=0
ade=0
ade=0
adc=0

ado=0 -

adc=0
adc=0
ade=0
ade=0
adc=0
ade=0
ade=0
adc=0
adc=0
ade=0
adce=0
ade=0
ade=0
ade=0
adc=0
adc=0
adc=0

done=0 sample=0 dac~0( cmp=l adc={
done=l sample=0 dac=0 cmpsl ade=0

‘done=0 sample=13 dac=0
done=0 sample=13 dac=0
done=0 sample=13 dac=0
done=0D sample=13 dac=l
done=0 sample=13 dac=2
done=0 sample=13 dac=3
done=0 sample=13 dac=4
done=0 sample=13 dac=3
done=0 sample=l3 dac=6
done=0 sample=13 dac="7

ermp=1
cmp=1
crp=1
cmp=1
cmp=l
cmp=1
cmp=l
cmp=1
cmpe=l
crp=1

adc=0
ade=0
ade=0
adc=0
adc=0
adc=0
ade=0
ade=0
ade=0
ade=0

t=85 done=1 sample=0 dac=¢ cmp=1 adc=0

t=133 done=l sample=13 dac=0 crmp=1 ade=13
=200 done=1 sample~26 dac=0 cmp=1l adc~Z6
=268 done=1 sample=39 dac=0 cmp=l adc—=39
t=336 done=l sample=52 dac=0 cmp=1 adc=52
=404 done=1 sample=1 dac~0 cmp=l ade=l

t=472 done=1l sample=14 dac=0 cmp=1l adc=14
t=540 done=l sample=27 dac=0 cmp=l ade=27
=608 done=l sample=40 dac=0 cmp=1 adc=40
t=676 done=l sample=33 dac=0 cmp=l adc=53

G =744 done=1 sample=2 dac=0 cmp=l adce=2

t=812 done=l sample=15% dac=0 cmp=1 adc=15
t=880 done=l sample~28 dac=0 cmp=l adc=28
t=248 done=] sample=41 dac=0 cmp=1 adc=41l
t=1016 done=l sample=54 dac=0 cmp=1 adc=54
t=1084 done=l sample=3 dac~( cmp=l adc=3

£=1152 done~] sample=16 dac=0 cmp=1 adc=16
t=1220 done=l sample=29 dac=0 cmp=l adc=29
t=1288 done=l sample=42 dac=0 cmp=1l adc=42

£=1492 done=l sample=l7 dac=} cmp=l adc=17
t=1628 done=l sample~43 dac~0Q cmp=l adc=43

t=1764 done=1 sample=5 dac=0 cmp=l adc=5

| t=1832 done=l1 sample~18 dac=0 cmp=l adc=18

£=1900 done=1 sample=3l dac=0 cmp=l ade=31
t=1968 done~=l sample=44 dac=0 cmp=1 adc=44
t=2036 done=l sample=57 dac=0 cmp=1 adc=57
t=2104 done=1 sample=6 dac=0 cmp=l adc=§

£=2172 done=l sample~19% dac=0 cmp=l adc=19
£=2240 done=l sample=32 dac=0 cmp=l adc=32
£=2308 done=1 sample=45 dac=0 cmp=1 adc=45
£=2376 dene=] sample=58 dac=0 cmp=1 adc=58
t=2444 done=l sample~=7 dac=0 cmp=] ade=7

t=2512 done=1l sample=20 dac=0 cmp=l adc=20
t=2580 done~l sample=33 dac=0 cmp=l adc=33
t=2649 done=1 sample=46 dac=0 cmp=l adc=4é
t=2716 done~l sample=59% dac=0 cmp=} adc=39
t=2784 done=1 sample=8 dac~0 cmp~l adg=8

t=2852 done=1 sample=21 dac=0 cmp=1 adc=21
£=2920 done=1 sample=34 dac=0 cmp=l adc=34
£=2986 done=1 sample=47 dac=0 cmp~l adce=47
£=3056 done=] sample=60 dac=0 cmp=1 adc=60
t=3124 done=1l sample=2% dac=0 cmp=l ade=?

£=3192 done=l sample=22 dac={ cmp=l adc=22
£=3260 done=l sample=35 dac=0 cmp=l adc=35
t=3328 done=l sample=48 dac=0 cmp=1 adc~48
t=3396 done=1 sample=61 dac=0 cmp=1 adc=61
t=3464 done=1 sample=10 dac=0 cmp=1 adc=10
t=3532 done=]l sample=23 dac~0 cmp=1 adc=23
t=3600 done=l sample=36 dac=0 cmp=]l adc=36
£=3668 done=1 sample=4% dac=0 cmp=1 adc=49
t=3736 done=1 sample=62 dac=0 cmp=l adc=62
t=3804 dene=1 sample=11l dac=0 cmp=1 adc=1l
£=3872 done=l sample=24 dac=0 cmp=l adc=24
t=3940 done=l sample=37 dac=0 cmp=l adc=37
t=4008 done=l sample~530 dac=0 cmp=1 ade¢=50
t=4076 done=l sample~63 dac=0 cmp=1 adc=63
t=4144 done=1 sample=12 dac=0 cmp=1 adc=i2
t=4212 done=1 samplie=25 dac=0 cmp=1 adc=25
t=4280 done=l sample=38 dac=( cmp=l adcew38
t=4348 done~l sample=51 dac=0 cmp=1 adc=3]

£=4416 done~]l sample=0 dac=0 cmp=1 adc=0

£=1356 done=1 sample~55 dac=0 cmp=1 adc=55
ft=1424 done=]l sample=d dac=0 cmp=l adc=4 ’

£=1560 done~] sample=30 dac=0 cmp=l adc=30 .

t=1696 done=1 sample=56 dac=0 cmp=1 adc=56
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% labl2 ade binary.v

demonstrate successive-approximation ADC operation for physics 364 week 12
¥ begun 2010-11-2%9

by Bill Ashmanskas, ashmansk@hep.upenn.edu
*s

‘default_nettype none
‘timgscale ins/lns

/*
¥ Implement successive-approximation ADC
*/

module adc {

input wire alk, // 68 kHz clock, for ~ 7 kHz sampling
input wire cmp, // 1 if sample > DAC value, else 0
cutput wire [5:0] dac, /7 DAC used for comparing with sample
output wire {5:0] adc, // ADC output value

output wire conv_done, /7 indicate next ADC value is ready
output wire sample_hold // closes FET switch for sample & hold

S/ modulo-10G counter: ramp 0..5, then allow 4 extra ticks Ffor processing
wire {3:0] count;

wire [3:0] count_next = (count==9) ? 0 : count+l;

dffe Nbit #(4) count_£f (.clk{clk), .ena{l), .d(count _next), .gl{count)};
// Update DAC bits:

Vs on tick 0,1,2,3,4,5, bit 5,4,3,2,1,0 1is set to 1;

74 on tick 1,2,3,4,5,6, bit 5,4,3,2,1,0 is set to comparison outcome

V4 on tick 7, all bits are set to 0 for new cycle

wire [5:0} dac_next;

dife Nbit #(6} dac_ff (.clk{clk}, .ena(l), .d{dac_next), .gldac));
assign dac_next[5] = {count==0) 2 1 H
(count==1) 7 cmp :
(count==7) 7 0 : dac[5};
assign dac, _next[4] = (count==l) ? 1 :
(count==2) ? cmp
(count==7} ? 0 : dac[4l;
assign dac_next[3] = (count==2) 7 1 H
(count==3) 7 cmp : }
{count==7} 7 0 : dacl3];
assign dac_next[2] = (counte=3} 7 1
{count==4} ? cmp
(count==7} ? 0 : dacl2];
assign dac _next[i} = {count==4} 7 1 :
{count==5} ? cmp :
{counte=T7) 7 0 : dacll]);
assign dac_next[0] = {count==5) 7 1 H
{count==6} ? cmp :
{count==T7) 2 § o dac[0);

sy
dffe Nbit #(6) adc_ff (.clk(clk), .ena(count==7), .d(dac), .g(adc));
7/ when ADC ocutput register has updated, strobe "conversion done" signal
agszign conv_done = (count==8};
// before new conversion begins, tell sample & hold fo get new sample
assign sample hold = {count==9);

endmodule '
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done~0
done={
done=0
done={
done={
done=0
done=0
done=1
done={
done={}
donhe=0
done=0
done=0
done=0
done=0
done=0
done=0
done=1
done=0
done=0
done={
done=0
done={
done=90
done=0
done={
done=0
done=1
done={
done={
done=0
done=0
dong~=0
dene=0
done=Q
done=0
done=0
done=]
done=Q
done=0
done=0
done=0
done=0
done=0
done=0
done={
done=0
done=1
done=0
done=0
done=0
done=0
done=0
done=0
done=0
done=0
done=0
done=}
done=0
done=0

sample=0 dac=32/100000 cmp=0 adc=0
sample=0 dac=16/010000 cmp=0 adc=0
sample=0 dac=8/001000 cmp=0 adc=0
sample=0 dac=4/000100 cmp=0 adc=0
sample=0 dac=2/000010 cmp=0 adc=0
sample=0 dac=1/000001 cmp=0 adc=0
sample=0 dac=0/000000 cmp=1 adc=0
sample=0 dac=0/000000 cmp=1 adc=0
sample=13 dac=0/000000 cmp=1 ade=0
sample=13 dac=0/000000 cmp=1 adec=)
sample=13 dac=32/100000 cmp=0 adc=0
sample=13 dac=16/010000 cmp=0 ade=0
sample=13 dac=8/001000 cmp=l adc=0
sample=13 dac=12/001100 cmp=1 ade=0
sample=13 dac=14/001110 cmp=0 adc=0
sample=13 dac=13/001101 cmp=1 adec=0
sample=13 dac=13/001101 cmp=1 adc=0
sample=13 dac=0/000000 cmp=l adc=13
‘sample~26 dac=C0/000000 cmp=1 ade=13
sample=26 dac=0/000000 cmp=1 adc=13

sample=26 dac=32/100000 cmp=0 adc=13

sample~26 dac=16/010000 cmp=l1 ade=13
sample=26 dac=24/011000 cmp=]l adc=13
sample=26 dac=28/011100 cap=0 adc=13
sample~26 dac=26/011010 cmp=1 ade=1i3
sample=26 dac=27/011011 cmp=0 ade=13
sample=26 dac=26/011010 cmp=l adc=13
sample=26 dac=0/000000 cmp=1 adc=26
sample=392 dac=0/000000 cmp=1 adc=26
sample=39 dac=0/000000 cmp=1 adc=26
sample=39 dac=32/100000 cmp=l ade=26
sample=30 dac=48/110000 cmp=0 adc=26
sapple=39 dac=40/101000 cmp=0 adc=26
sample=392 dac=36/100100 cmp=1l adc=26
sample=39 dac=38/100110
sampie=39 dac=39/100111
sample~=39 dac=39/100111
sample=30 dac=0/000000 cmp=1 adc=39
sample=52 dac=0/000000 cmp=1 adc=392
sample=52 dac=0/00000C cmp=1 adc=39
sample=52 dac=32/100000 cmp=1 adc=39
sample=52 dac=48/110000 crnp=1 adc=39
sample=52 dac=56/111000 cmp=0 adc=39
sample=52 dac=52/110100 cmp=1
sample=32 dac=54/110110 cmp=0 adc=39
sample=52 dac=53/110101 cmp=0 adc=39
sample~32 dac=32/110100 cmp=1 adc=39
sample=52 dac=0/000000 crmp=1l adc=52
sample=] dac=G/00C000 cmp=l adce=52
sample=1 dac=0/000000 cmp=l adc=52
sample=l dac=32/100000 cmp=0 ade=52
sample=1 dac=16/010000 cnp=0 adec=52
sample=1 dac=8/001000 cmp=0 ade=52
sample=1 dac=4/000100 cmp=0 adc=52
sample~l dac=2/000010 cmp=0 ade=52
sample=1 dac=1/000001 cmp=l adc=52
sample=] dac=1/000001 cmp=l adc=52
sample=1 dac=0/000000 cmp=1 adc=1
sample=14 dac=0/000000 cmp=] adc=1
sample=14 dac=0/000000 crp=l adc=1l

cp=l adc=26

t=§ done=1 sample=0 dac=0/000000 cmp¥1 adc=0

t=18
t=28
£=38
t=48

cmp=] adc=26
cmp=l ade=26

adc=39

=58 done=1
t=68 done~wl
t=78 done=1
t=88 donew]
£=98 done=l

£=108
t=118
=128
t=138
t=348
=158
t=168
t=178
t=188
=198
£=207
t=217
=227
+=237
=247
=237
t=267
t=277
=287
t=297
=307
£=317
=327
=337
=347
=357
=367
£=377
t=387
=387
=g 077
t=417
t=g27
t=437
t=447
t=457
t=467
t=477
t=487
=497
=507
£=517
=527
=537
=547
=557
t=567
=577
=587
=587
=607
t=617
=627
t=637
t=647
=657
t=667
=677

done=1
done=1
done=1
done=]

done=1
done=1
dene=1
dones=1
doneml
done=1
done=1
done=1
done=1
done=1
donewl
done=1
done=1
done=l
done=1
done=]
done=1
done=1
done=1
done=l
done=}
done=1
done=]
dona=]
dones=]1
done=1
done~l
done=1
done=l
done=1
done=1
done=1
done=1
done=1
done=1
done=]}
done=1
done=1
done=]
done=1
done=l1
done=1
done=l
done=1
done=1
done~1
dones=1
done=i
done=}1
dones=1
dona=]
dones=]1
dongs=]
done=1
done=l
done~1
done=l
done=l

sample=13 dac=0/000000 cmp=1l adc=13
sample=26 dac=0/000000 cmp=1 adc=2Z6
sample=39 dac=0/000000 cmp=1 adc=39
sample=52 dac=0/000000 omp=] adc=52

sample=1 dac=0/000000 cmp=1 adc=l
sample=14 dac=0/000000 cmpw=l
sample=27 dac=0/000000
sample=40 dace=0/000000 cmp=1 adc=40
sample=53 dac=0,/000000 cmp=1 adc=33

ade=14
crp=1l ade=27

sanmple=2 dac=0/000000 cmp=1 adc=2

sample=15 dac=0/000000 cmp=1 ade=15
sample~28 dac=0/000000 cmp=l adec=Z8
sample=41 dac=0/000000 cmp=1l adc=41
sample=54 Qacw=0/000000 cmp=1 adc=54
sample=3 dac=0/000000 cmp=1 adc=3

sample=16 dac=0/000000 cmp=1 adc=186
sample=29 dac=0/000000 cmp=1 adc=29
sample=42 dac=0/000000 cmp=1 adec=42
sample=55 dac=0/000000 cmp=1 ade=55
sample=4 dac=0/000000 cmp=1 adc=4

sample=17 dac=0/000000 cmp~=l adc=17
sample=30 dac=0/000000 cmp=1 adc=30
sample=43 dac=0/000000 crp=1l adc=43
sample=56 dac=0/000000 cmp=1 adc=56
sample=5 dac=0/000000 cmp=1 adc=5

sample=18 dac=0/000000 cmp=1 adc=18
sample=31 dac=0/000000 cmp=1 adc=31
sample=44 dac=0/000000 cmp=1 adc=44
sample=57 dac=0/000000 cmp=l adec=357
sample=6 dac=0/000000 cmp=1 adc=6

sample=19 dac=0/600000 cmp=1 ade=19
sample=32 dac=0/000000 cmp=1 adc=32
sample=45 dac=0/000000 cmp=l adec=45
sample=58 dac=0/000000 cmp=1 adc=58
sample=T dac=0/000000 cmp=1 adc=7

sample=20 dac=0/000000 cmp=1 adc=20
sample=33 dac=0/000000 cmp=1 adc=33
sample=46 dac=0/000000 cap=1 ade=46
sample=59 dac=0/000000 cmp=1 adc=5%
sample=8§ dac=0/00G000 cmp=l adc=8

sample=21 dac=0/000000 cmp=1 adc=21
sample=34 dac=0/000000 cmp=1 adc=34
sample=47 dac=0/000000 cmp=1 adc=47
sample=60 dac=0/600000 cmp=1 adc=60
sample=2 dac=0/000000 cmp=1 adc=9%

sample=22 dac=0/000000 cmp=1 adc=22
sample=35 dac=0/000000 cmp=l adc=35
sample=48 dac=0/000000 cmp=l adc=48
sample=61 dac=0/000000 crmp=1 adc=61
sample=10 dac=0/000000 cmp=] adc=1i0
sample=23 dac=0/000000 cmp=1 ade=23
sample=36 dac=0/000000 cmp=1 adc=36
sample=49 dac=0/000000 cmp=1 adc=49
sample=62 dac=0/000000 cmp=1 ade=62
sample=1] dac=0/000000 cmp=]l adc=1l
sanple=24 dac=0/000000 cmp=1 adc=24
sample=37 dac=0/000000 cmp=1 adc=37
sample=50 dac=0/000000 cmp=l1 ade=50
sample=63 dac=0/000000 cmp=1 adc=63
sample=12 dac=0/000000 cmp=l adc=12
sample=25 Qac=0/000000 crp=1 adc=25
sample=38 dac=0/000000 cmp=]l adc=38
sample=51 dac=0/000000 cmp=1 adc=51
sample=0 dac=0/000000 cmp=1 adc=0

sample=13 dac=0/000000 cmp=1 adc=13
sample=26 dac=0/000000 cmp=1 ade=26
sample=39 dac=0/000000 cmp=]l adc=39



1
y Sb
1

Vﬂﬂ) 7S

NV
%wﬁ *?5 M\iﬁ

NATE
{ire.

/—‘{\6@1
P@S%\:« Eil‘?)(S
w @5 Ry Y
FAVEYS YRRV qu_/

N wa\va,f\@\w}f e
O™ [> ¢ % (AV/)C

wr b P;M_

‘dore. af o

in o @&m%\(}
feqdire Eﬁ% .
Q@M@@f\w oS, gAuS
o pr Qm%—&j}

& AT a«im“ Fo s
¥ f} negt Pongu

N 5\"? w‘?

%\(\?@m Ve 7oA
Wy (@

i»;:»%’“*:@' o §«::>m

i@fﬁ\/\ Y %ue@)
p

C)\.
oSl w@ a_
/\bflfv\(‘p

> /MUE

d“}

”@f

0.5k
1.0k
1
i
© 1.0k
7 T4F 148

ond
L 5?’3" bits g Souen gl

R

ANALOG/DIGITAL CONVERSION

9.20 Analog-to-digital converters 621
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Figure 9.49. Parallel-encoded (“flash™) A/D
converter (ADC).
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