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Working ltem Simulation result
vdd 1.5-V
Reference |, 0.1mA
Reference size (W/Lbottom, W/ Lcascode) 1.5u/0.18u (bottom), 5u/0.18u (cascode) (X1, X2, X4, X8)
Output load Rou 0.5 Kohm
DAC unit size (W/Lbottom, W/ Lcascode) ﬁfiﬁﬁ’glf;‘s “fi‘?m' ou/0.18u (cascode). (%1 %2, x4, x8)

Output voltage range (0.75) 0.744V

DNL Error (%) [| (this level — previous level) |- ideal step] / ideal step (0.75V/15)

% I 3 4 3 le l7 lg o l1o l11 l12 l13 l14 l15
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INL Error (%) (this level —ideal level )/ ideal step (0.75V/15)

l1 p) I3 la Is le I7 s o l10 l11 l12 l13 l1a l15

04|08 |12 |1.8 |22 |28 |34 |4 46 |54 |62 |72 |ge |104 |126
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0000 V4= 0, , the switch of the cascaded h 1 [
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1.4 0001 current unit with 8x_ I eference is Off reference
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0011 L .
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) V2= 1, the switch of the cascaded 101E
current unit with 2x Leference iS 0N 1011 1100
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current unit with 2x lererence is Off V3 =1, the switch of the cascaded 1111
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== : |deal output level curve current unit with 4x Lference is Off
0.4 X-axis: Time (s)
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Fig. 1 Real circuit output V.S. Ideal output level

Discussion:

Basically, real circuit output is consistent with ideal output level. The biggest difference
happened in transition place (ex: from code 0000 -> code 0001). The real circuit output

would oscillate a lot in transition place. There are some reasons for this.

1) Since the switch (Sy) is a pulse function and rise time/fall time are too short, causing
big jump of V,,;. For example parasitic capacitor Cgyg, if the switch (gate on the

transistor) voltage increases suddenly, drain voltage (V,,;) will also increase suddenly



due to coupling effect. Take fig. 2 for example, if V1 or V2 or V3 or V3 increase/decrease
suddenly, V,,; will be also increase/decrease due to coupling effect.
2) And the parasitic capacitance  (transistors’ Area (W X L)). Therefore, V,,; of big

size transistors tends to oscillate a lot more than smaller size transistor.

ient analysis tnom 25.000 temp 25.000 deAkkn

Fig. 3 My value of V,,; ateachlevel.i_0O
means code = 0000, i_1 means code = 0001,
i_2 means code = 0010... so on and so forth.

Each level Tdeal level]

i0 1.5

il 1.45

i2 1.4

1;2 1-132 Fig. 4 Ideal value of V,,; ateachlevel.i_0
1 .

i_é 1-122 means code = 0000, i_1 means code = 0001,
1 .

i_; 1-11? i_2 means code = 0010... so on and so forth.
1 .

i9 1.05

i10 1

ill 0.95

il2 0.9

il3 0.85

il4 0.8

il5 0.75

With this information and the formula provided by problem sets, | can calculate INL and
DNL error as the following figure.

DNL Error (%) [|(this level — previous level) |- ideal step] / ideal step (0.75V/15)

4 P E! 4 5 le 17 g lo l10 l11 l12 l13 l14 l15

-04 |04 |-04 |06 |04 |06 |06 |06 | .06 |-08 |-08 [ 14 |-1.8 |22

INL Error (%) (this level —ideal level )/ ideal step (0.75V/15)

l1 P B! la 5 le 17 s lo l10 l11 l12 l13 l14 l15

04|08 |12 |18 |22 28 |34 |4 46 |5.4 62 | 7.2 |se [104 |126
Take DNL and INL error of I; for example,

|1.4502—1.5|-0.05
0.05

=-0.4%

DNL error =




1.4502—1.45
INL error = oo - 0.4%

Similar calculation for other levels!

(d)

According to fig. 2, if switch V1 is on (V1=VDD), it has 1x L..ference current flowing
through this path (Mv1 -> M1 -> MC1). If switch V2 is on (V2=VDD), it has 2x I¢ference
current flowing through this path (Mv2 -> M2 -> MC2). If switch V3 is on (V3=VDD), it
has 4x Lreference current flowing through this path (Mv3 -> M3 -> MC3) and if switch
V4 is on (V4=VDD), it has 8X Ir¢ference current flowing through this path (Mv4 -> M4 ->
MC4). Therefore, when V1, V2, V3 and V4 are on at the same time (i.e. code = 1111)
The output is supposed to be 0.75V with 15x L.cference(1+2+4+8 = 15) in total flowing

1.5V -0.75V — 0.1mA

VDD —Vyyut
Ireference T 15%0.5KQ

through R;.So 15 X Leference = R
First of all, I looked at path I¢ference -> MO (cascade) -> MCO (bottom) in fig. 2.

Assume MO, MCO are in saturation region. So 0.5 X u,, X C,, X (%)Cascode X

Vin = Vv = Venmo))® X [1+ Ao (Vpr — W)1=0.1mA = 0.5 X ptp X Coy X

(Vb1 = Venucoy)? X (%)bottom X [1 4+ Ayco(Vy)l. Ve, ~ 0.5V in 180nm technology.

So I assume Vi, is 0.5V for both M0 and MCO. And assume Vp; is0.75 (0.5 X VDD)

since usually Vggmcoy =0.5 X VDD can let mosfet stay in saturation region. And Vy

(Vbsmcoy) hasto larger than (Vismcoy - Vin = 0.25V), so I assume V,=0.3V. And for

MO to stay in saturation region, Vpsmoy = Vp1 — Vy = 0.75V — 0.3V = 0.45V has to



larger than (Vesmoy = Vin) = Vin— VW — Vin = Vip —0.3 — 0.5, So | set
Vi, 0.95V. (These are very rough assumptions, but it’s reasonable enough to help me
analyze the circuit) Finally, u, X C,, is usually around 300u.

For MCO and MO, | set length = 0.18u first, which is very short so that | need to take
channel length modulation into consideration. But for the convenience, | will consider it
later after calculation. Also | chose the smallest length in ‘cic018.l" is because the

calculated width wouldn’t be too large, which leads to large parasitic capacitor.

S0,0.1mA = 0.5 X 1, X Cox X (Vo1 — Veneucoy)? X (%)bomm =W =01mA =+
0.5 =300 = 0.25% X 0.18 = 1.92u. But as | mention before, | need to take CLM into
consideration ( Ip = 0.5 X ty, X Cox X (Vo1 — Venaucoy)? X (%)bomm X [1+
Auco(Vy)]). So, width would be less than 1.92u. So | decrease the width from 1.92u to

the point where MCO is in saturation region (which is 1.5u in my design).

w

0.1mA = 0.5 X pp X Coy X (T)cascode X Vin = Vy = Vth(MO))2 = W = 0.1mA +

0.5 + 300 x 0.18 =+ 0.15% = 5.33u. Again, | need to consider CLM. Thus, width is supposed
to less than 5.33u. So | decrease the width from 5.33u to the point where MO is in

saturation region (which is 5u in my design)

As reference mosfets (MO, MCO) use current mirror to connect to other mosfets,



their width and length (W, L) should be exactly the same as the reference MOS (MO,
MCO). But, multiple size ratio is different from each other. So other mosfets will also all
stay in saturation region since multiple size ratio means how many mosfets with the
same size in parallel together (their Vg, Vps, Vi, are exactly the same)

Plus, by the request of problem sets (use the multiple device size ratio), | setm=1
for mosfets on the path (Mv1 -> M1 -> MC1) to produce 1x reference current, m = 2 for
mosfets on the path (Mv2 -> M2 -> MC2) to produce 2x reference current, m = 4 for
mosfets on the path (Mv3 -> M3 -> MC3) to produce 4x reference current and m = 8 for

mosfets on the path (Mv4 -> M4 -> MC4) to produce 8x reference current.

First of all, | set V1, V2, V3 and V4 (switching voltage) equal to 1.5V to see if the
other mosfets on the same path (ex: M1, MC1, Mv1 are the on the same path) will stay
in saturation when the switch is on.

Because switching mosfets drains are all at V,,,;, which is changing against time,
it’s a little hard to calculate their sizes. Also, these mosfets serve as switches so that
they don’t necessarily need to stay in saturation region. So | set their 0.18u first, and
increase their width from 0.25u (smallest in ‘cic018.I’) to the point where they are in
linear region and other mosfets on the same path are still in saturation region, which

can be viewed as the switches are on because current can flow through mosfets.



Input pattern (V1,V2,V3

Figure of input pattern:
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Fig. 5 Input pattern of switch (V1, V2, V3, V4 in fig.

2)




code

Current through R;

0000

0 Ireference

0001

1x Ireference

0010

2X Ireference

0011

3X Ireference

0100

4x Ireference

0101

5X Ireference

0110

bx Ireference

0111

/X Ireference

1000

38X Ireference

1001

9x Ireference

1010

10x Ireference

1011

11x Ireference

1100

12x Ireference

1101

13x Ireference

1110

14x Ireference

1111

15x Ireference

From fig. 1, | make a table on the left. And | set
each code will last 80ns, thus, 1280ns (from code
0000 to code 1111) in total. And according to this
table,

Period of V1 = 1280+ 8 =160ns (8 times from 0 ->
1)

Period of V2 = 1280+ 4 =320ns (4 times from 0 ->
1)

Period of V3 =1280-+ 2 =640ns (twice from 0 ->
1)

Period of V4 =1280+ 1 =1280ns (once from 0 ->
1)

So, that’s the reason | set my input pattern like fig.
5.



DNL error means the error between my real circuit step and the ideal step (0.75/15 =
0.05V). According to the results | calculated in part (c), the error in each kind of code is
pretty small, which means V,,,; can drop 0.05V precisely during each step. | think the small
error comes from the assumption for the convenience of analysis (ex: assume 1y, =
0.3V in fig. 2).Also, DNLis all negative because DAC unit is not able to provide enough
current (i.e. less than 1x, 2x, 4x, 8X L ¢ference) due to the fact that switch is only in linear
region whenis on. So V,,; is higher than expected. This problem is especially serious when
DAC unit need to produce  8X Ioference (Path Mv4 ->M4 ->Mc4 in fig. 2) so that the
error gets larger when more and more current flows through R;.

INL error means the error between each real circuit level and each ideal level (like fig.
4). According to the results | calculated in part (c), the error gets larger and larger when
more current flow through R;. The error may also come from the initial assumption | made
for analysis. And the error is larger when more current flow through R; also means the
paths (Mv3 -> M3 -> MC3(m =4), Mv4 -> M4 -> MC4 (m = 8) in fig. 2) produce current less
than 4x, 8X I eference (Since switch mosfets (Mv3, Mv4) are only in linear region, which are
too weak to produce large current), which causes V,,; higher than ideal level. That’s why

INL errors are all positive.



.prot
dib'cicO18.I'TT
.unprot
.option

+ post

+ ACCURATE=1

*current sources
11 VDD D1 0.1m

*resistor
Rl VDD Vout 0.5k

*voltage sources

VDVDD GND 1.5

VG Vin GND 0.95

vl V1 GND PULSE(0 1.5 80n 1p 1p 79.9n 160n)

v2 V2 GND PULSE(0 1.5 160n 1p 1p 159.9n 320n)
v3 V3 GND PULSE(0 1.5 320n 1p 1p 319.9n 640n)
V4 V4 GND PULSE(0 1.5 640n 1p 1p 639.9n 1280n)

*check if saturation when the switch is on

*v1V1GND 1.5
*v2 V2 GND 1.5



*v3 V3 GND 1.5
*v4 V4 GND 1.5

*Mos reference
MOD1VinSOGNDn_18w=5ul=0.18um=1
MCO SOD1GNDGNDn_18w=1.5ul=0.18um=1

*Mos 1x

Mvl VoutV1ioneGNDn 18w =2ul=0.18um=1
M1 one VinslGNDn 18w =5ul=0.18um=1
MC1 s1D1GNDGNDn_18w=15ul=0.18um=1

*Mos 2x

Mv2 VoutV2twoGNDn 18w =2ul=0.18um=2
M2 two Vins2GNDn 18w =5ul=0.18um=2
MC2 s2D1GNDGNDn_18w=15ul=0.18um=2

*Mos 4x

Mv3 VoutV3four GNDn 18w =2ul=0.18um=4
M3  four Vins4GNDn_ 18w =5ul=0.18um=4
MC3 s4D1GNDGNDn_18w=1.5ul=0.18um=4

*Mos 8x

Mv4 Vout V4 eight GNDn_18w=2ul=0.18um=8
M4  eight Vins8 GNDn 18 w=5ul=0.18um=8
MC4 s8 D1GNDGNDn_18w=1.5ul=0.18um=38

.TRAN 1n 1280n

.meas TRAN |_0 find V(Vout
.meas TRAN |_1 find V(Vout
.meas TRAN |_2 find V(Vout
.meas TRAN |_3 find V(Vout
.meas TRAN |_4 find V(Vout
.meas TRAN |_5 find V(Vout
.meas TRAN |_6 find V(Vout
.meas TRAN |_7 find V(Vout
.meas TRAN |_8 find V(Vout) AT = 680n
.meas TRAN |_9 find V(Vout) AT = 760n
.meas TRAN |_10 find V(Vout) AT = 840n
.meas TRAN |_11 find V(Vout) AT =920n
.meas TRAN |_12 find V(Vout) AT = 1000n
.meas TRAN |_13 find V(Vout) AT = 1080n

AT =40n

AT =120n
AT =200n
AT =280n
AT =360n
AT =440n
AT =520n
AT =600n
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.meas TRAN |_14 find V(Vout) AT = 1160n
.meas TRAN |_15 find V(Vout) AT = 1240n

.0p

.end



