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Abstract—In this project, an 8-bit CMOS A/D converter with T . T
less than 20 mW of power consumption is designed. Using 0.18- b ‘ ¢ T1° T~ ‘
pum CMOS technology and fully differential 1.5-bit-per-stage v, A, Vo,
pipelined topology, the ADC operates at 50 Msamples/s. B

|. DESIGN SPECIFICATIONS

Parameters Specifications v Vg ]
Input cap. < 1pF
DNL < 0.5 LSB Fig. 2. One stage of the pipelined ADC.
INL <1LSB
Differential pair offset | 1 mVx35um?/(W Ley) B. Decoding logic
Charge injection mismatch negligible if C' > 0.1 fF Before embarking on analog design, we di§cuss a procedure
No. of clock 5 that converts the digital outputs of the 1.5-bit-per-stage ADC
0. Ot clocks to the corresponding binary code
Clock transition time 0.5 ns
C hi 8 bits if = ¢ \‘Uin + VrefJ \‘in < Vin + 1>J (1)
ap. matchin its | > 0.2 0= | " 77¢p =
P 9 — P LLSB binary Vies binary
Bottom-plate parasitic 10%

Denote byw; the input to stage, (i = 1,---,n — 1). In
Some design requirements and constraints are summariEt‘fnfl(rﬂncu'ar'U1 = Vin, aNd the(n — 1)st stage consists of three

in above table. Given the time-frame, a 1.5—bit—per—staé:g mparators. Theth stage produces an outpuf as follows

pipelined topology, which has relatively low complexity and -1 whenw; € (—o0, =V,.cs/4]
high speed, is tried. In section II, the ADC design is discussed a; =40  whenv; € (~Vyes/4, Vyes /4] 2)
in detail. Simulation results are presented in section IIl. 1 wh
) env; € (Vier/4,00)
Section IV concludes the report.
fori=1,---,n—2, and
Il. PIPELINED ADC 1 whenw,_; € (=00, —Vyer/2]
A. System architecture —1/2 whenuv,_1 € (—V;es/2,0]
Qp_1 = ’
The 8-bit pipelined ADC is shown in Fig. 1. The whole 0 whenv,—1 € (0, Vyes/2]
1/2  whenuv,_; € (Vief/2,00)

Using Eqg. (2), the residue ath stage can be written as

——{ Stage 1 }—»‘ Stage 2 }—»
Vm

Vig1 = 205 — @ Vyes (3

Decoder

From Eq. (1), the binary code can be easily determined if
we find the original input;,,. This is achieved by inverting

Binary code

Fig. 1. The block diagram of the overall ADC. Eq. (3), which gives rise to the following decoding procedure.
1) Sete,_ 1 = a,_1;
system consists of seven stages and one decoder that conved$ Fork =n—2,--- 1, do the following

the outputs 'Fo binary codes. Each of the first six stages gener- e = (Crp1 + a)/2;
ates a 1.5-bit output. The last stage uses three comparators to

produce a two-bit output. The whole system uses 6 sample an@) The binary code isco = [(c1 +1) x 271

hold amplifiers (SHA) and 15 comparators. The detailed vielor example, whenn = 3 and ajas = (—1)(0), we

of one of the first six stages is depicted in Fig. 2. We delayan computecac; = (0)(—1/2) and ¢g = 010. Since ¢

the discussion of clocks until lower level functional blocks ardivides and multiplies only 2's power, the procedure can be
introduced. implemented in a simple logic, which we will not pursue here.



C. SHA which gives rise to

Although the 1.5-bit-per-stage pipelined topology greatly Vies Vies
relaxes the offset requirements of the op-amp and comparator, Vin = 1774 7 (1+a)2+a)
the gain error of the SHA is still of great concern. We
analyze the origin of SHA's gain error and its effect on ADc'dhus
linearity. The SHA in sampling and and amplification modes INLpaz = vr — Vin & aVyey < 1LSB

are shown in Fig. 3. Neglecting capacitor and charge injection
g g gcap gen For a 7-stage ADC, this demands< 0.8%. From Eq. (4),

- I this can be achieved by using an op-amp with ~ 1000.
C c Th . .

c — c, x — e effect of gain error on DNL is generally less severe.
c
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Fig. 3. Sample and hold amplifier. 1 - = - i

Fig. 5. SHA settling.

S

mismatches, the gain error is caused mainly by the input
capacitorC’;,, and the finite gaimi, of the op-amp. Neglecting
the offset of op-amp, during sampling modg= v, = 0. The
charge resides on the top plates of capacitrns

Besides accuracy, the speed of SHA is also tied to the op-
amp. The time constant of the SHA during hold mode, shown

in Fig. 5, can be shown to be
Vin
Q= Qy = — x2C = v;,C R,(2CL,+C) = 2

2 _
Thold = ~
During amplification, the input switches to zero. We have L+ gmRo Gpc fsan

v v v The approximation is true whefi;, > C. The requirement of
out Ty Ty R . -
Qz = ( 5 7) ¢ - T(Cm +C) a high-gain and fast op-amp poses one of the most challenging
tasks in pipelined ADC design.

In our design, since inputs and outputs of SHA are con-
nected to their respective common mode levels instead of
configured as a unity gain sampler during sampling mode, the

due to charge conservation, and

_Ua;yAO = Vout

from op-amp. Therefore, the gain of the SHA is SHA offset remains uncanceled. However, this error can be
, pushed all the way to the input of the first stage by inserting
Vout 2(20 + Om) .
G = o 2 — (Ao +2)C + C, =2+« (4) opposite offsets to comparators [2]. The net effect becomes a
o 0 o input-referred offset that does not affect ADC linearity after
where the gain error the comparator offset is eliminated by digital correction.
{—G/AO whenC;, ~ C D. Op-amp
[
—4/A0 whenC;, < C Given the medium gain and high speed requirement, we

The effect of this gain error on the residue is illustrated iHS€ @ Single stage telescopic topology for the op-amp design.

Fig. 4. The INL reaches its maximum at the last referendg'® difficulty in shorting the inputs and outputs to form a
unity gain buffer is avoid by connecting inputs and outputs to

\ ) separate common mode voltages during sampling. The main

g part of the op-amp is shown in Fig. 6. To boost the gain, the

e o channel length of transistors M7 are set to be larger than

v /Lv‘ the minimum channel length 0.18m.

Vo 7Nt Ver The bias circuitry is depicted in Fig. 7. Outputs vg2, vg4,

T g vg6, and vb connect to the corresponding wires in Fig. 6. All

) transistors in the bias circuitry operate in saturation except for

M1, which is in triode. TheV,, of M1 defines that of M2,3

Fig. 4. Dashed line is the ideal residue, and solid line is due to gain en? the cascode. . . .
The common mode feedback network, which is shown in

Fig. 8, uses a capacitor sensing scheme discussed in [3]. When

the SHA is in sampling mode, voutl and vout2 are connected

to the common mode level. Meanwhile, ck asserts high, and

(2+a)Vip — 24+ )" Wiy — - —(2+a)V,ey =0 the voltages across CO and C1 are refreshed.

Vres

voltagev, = V,..y — 1LSB. To determine the INL ab,, we
find the actual;, that causes the comparator to trip zero.
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Fig. 7. Bias circuitry of the telescopic op-amp.
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Fig. 8. The common mode feedback network.

E. Comparator

These functions are implemented as simple digital gates.

vad
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and gnd

Fig. 9. The CMOS differential comparator.

Fig. 10. The switch s in Fig. 2.

F. Timing diagram
The clock sequences,, ¢}, and ¢, at ith stage are shown
in Fig. 11. The sampling instance is defined by which

Fig. 11. The timing diagram.

falls AT seconds before, to avoid input dependent charge
injection. ¢} is the counterpart of) at (i — 1)st stagea); is

also AT seconds behind) to avoid disturbing the input ath
stage before it is sampled. The slightly displaced clock edges
are generated using cascaded inverters. The following table
summaries the activities of SHAs and comparators at stages

The comparator design is shown in Fig. 9. It compares the— 1) andi during different clock period.

differential voltagesAv;,, = vin — Vinp With Av,ep = vy —
Uresb, @Nd OUtPUtSAV,y: = Vour — Uouty. The speed of the
comparator is limited by preamplifier overdrive recovery and
latch regeneration.

The outputs of comparators at each stage is used to drive
a simple logic whose output switches the input of SHA to
+V,..; or common ground. The detailed view of this switch
is shown in Fig. 10. The control signals, Y, and Z are
functions of comparators’ outputsi( B), and clock signal.

The sequence of events that takes place dufingetween
the falling edges ofy] and ¢} in Fig. 11) are: Comp

X =B¢y, Y =A¢y, Z=AB¢, (5)

¢1 high (1 low) | ¢1 low (41 high)
SHA, Sample Hold
Op-amp CMFB Amplify
Comp Amplify Latch
SHA,;_1 Hold Sample
Comp_1 Latch Amplify




regenerates; Outputs of Comp propagate through digital In all cases, the sampling instance is defined by the falling
logic; SHA,_; settles; Compfinishes pre-amplification. This edge of the clocks].

is the critical signal path of the pipelined ADC. The minimum
clock period is hence given by:

SHA settiing: constant Input o

a5 vin
300m ~¢ vou

T = 2T+ AT + Tiren) ® .2 T 7
whereTy,q, is the clock transition time. s ] ]
1. SIMULATION RESULTS | ‘ ‘ ‘
A. Op-amp . "
We summarize some parameters of our op-amp in the ~ o
following table when it operates as a stand-alone system. . . " . .
Parameters Values TR, IR
DC gain Gpc) 1172 Fig. 12. The output settles to 199.34 mV wheg, = 100 mV.
C; 99.4 fF
3dB bandwidth | 1.47 MHz i ’

Phase margin 50.9°

I 788.8 A 2 soem /
Pp 1.55 mW i

Output swing | 0.8 Vp-p —
Input offset 45 mVv e
When driving capacitive loadfs;z will drop and PM will soum )
2 time (s )

improve. Besides boosting,,, a largel,s helps reduce the o

(T3 SEAn 537 AS ) geie: (3,627 1707
5 (187204 057a28m)  sape. S359200

1T 7

slewing time.Pp includes the power consumption in bias and

CMFB circuitry. The overall system employs one op-amp in  Fig. 13. The output setiles to 637.63 mV wheg, = 320 mV.
each of first six stages. Hence, the total power consumed by

op-amps is 9.3 mW, which is approximately one half of the v .
power budget. The effective voltages of transistors in cascode . L

30n

800m

are set to be less than2 V, which gives approximately a 0.8 InR YT T T T [

V p-p output swing. As discussed previously, the input offset [ [

is tolerable as long as it does not exceed the capacity of digital P n [

correction. T L Féh ANERERNSE - s

B. SHA 6@Wm/_’/ [ t \‘72ﬂ0m
Complementary switches are usét= 0.4 pF for sampling L L

capacitors. In the first simulation, a constant input of 100 mV T 7o

is used. A 0.9 pF capacitor, which approximates the next stage

SHA, loads each of SHA differential outputs. The result is Fig. 14. Outputvey; = 2v;,, Wherev;,, is a sinusoid.

shown in Fig. 12. The gain errar is less thar0).8%. It takes
the SHA aboub.5 ns to settle tol99.2 mV, which is within ¢, Comparator

0.1% (0'25 LSE) of its fln_al value (199.34 mV)_. Although op- The following table lists some metrics of the comparator.
amp provide a output swing up to 0.8 Vp-p, gain error prevents
Vrer to be as high. To find out the maximuii..; can be Parameters Values
used. The input is progressively increased while monitoring

_ . . Preamplifier gain @) 2
the gain error. It is found that remains less thaf.8% when Input offset 32 MV
Vour < 640 mV, which is shown in Fig. 13. Therefore, we . —

chooseV,..; = 640 mV. This leads tal LSB = 5 mV. A large Ip during amplification | 185.8 A
value of LSB is desirable in that the system is less susceptible Ip during latching 351.6 uA

to distortion and noise. Even highéf..; can be achieved

by boosting op-amp gain or choosing a different topology. —
However, both will likely lead to sacrifice in SHA speed. Regeneration time 15ns
Fig. 14 depicts the settling of SHA when input is a sinusoid. Overdrive recovery time 2ns

Average power dissipation 0.4837 mW




The gain of the pre-amplifier is given by

ngRon.S
Gppe = —2m0"0n8
pre 2 - ngRon,S

(Refer to Fig. 9 for corresponding transistorg,)s Ror, s is set
to be approximately.2, which yieldsG,,. ~ 2.

Although we use a 1.5-bit-per-stage topology, the offset of .
comparator has to be carefully monitored to ensure that iti,Wm ﬂ
doesn’t exceed the capability of digital correction. To reduce .« -
the input offset MO, M1, M11, and M12 are sized relatively
large. Largeg,, for input transistors also helps to neutralize
the offset contribution from the latch. The total input offset,
which takes into account four pairs of transistors (MO-M1,
M3-M4, M5-M6, and M11-M12), is well within the range of

digital correction V..;/4 = 160 mV).
The preamplifier consumes a current of 186/ When the
latch is switched on, an additional 165.2\ is burned. This

Switch Logic: X, Y, Z [u}
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Fig. 17. X,Y, Z switch V,y¢ t0 £V, or common ground.

gives rise to the average power dissipation of 0.4837 mW. ) ) )
There are 15 comparators in the system. Taking into acco@¥€rts high. Results of comparison are converted to switch
also 6 op-amps, the total power is abo@t56 mW. This leaves controlling signalsX, Y, and Z. Accordingly, v,.. in Fig. 10

some room for digital logic and switching circuits.

is switched toxV,..; or common mode level. Starting from

Fig. 15 shows the result of a regenerative test. It takes ti¥¢ rsing edge of ck2, digital signals, Y, and Z are fully

latch less than 1.5 ns to regenerate from 1 LSB to near rdf

pnerated in less than 1.5 ns, which is consistent with our

to-rail voltage. Shown in Fig. 16 are the overdriving tests f¢omparator regenerative test. Singg;, is connected to 1 pF

preamplifier recovery. The comparator recovers from full-sc

voltage difference to 1 LSB in less than 2 ns.

Comparator Regenerotive Test o
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Fig. 15. Comparator regenerative test,'s common level is 0.92 V.

[
ine{5) ira (5)
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Fig. 16. Comparator overdriving tests (@),’s polarity changes; (by;,’'s
polarity does not change. Comparator recovers correctly in both cases.

Fig. 17 shows a test of the digital circuitty, Y, and Z in

af@pacitor loads in this test, its value remains at previous level

even after ck2 falls.

D. Single stage test

A set of simulation results are run to test the performance of
a single ADC stage described in Fig. 2. First, two constant in-
puts 5 mV and 150 mV are used. The output readh@$2v;,,
about 5 ns and 7 ns afte’s falling edge respectively, and it
remains within 0.25 LSB of the final value. Fig. 18 shows their
waveforms. In Fig. 19, we use;,, = 300 mV and 170 mV.

le Stage: —Vret/4<vin<vret/4 o

(V)
g 3
e

Fig. 18. Single stage test:V,..¢/4 < vin < Vies/4, Vout = 20in.

Vout Settles within 0.25 LSB of the nominal outpit;, — V..
in about 6 ns and 7 ns respectively. Fig. 20 shown the result
whenwv;, = —630 mV and —400 mV. Both outputs settle in
less than 6 ns. In all the simulations, the SHA output satisfies
our gain error requirement set out in section II-C.

The last simulation is to determine the worst c&8en
Eq. (6), and deduce the minimum clock period. In Fig. 21,

Eqg. (5). A full-scale sinusoid is used as the input. Its valu&e input is switched from-640 mV to 640 mV and back
is compared tatV,.r/4 by two comparators each time ck2to —640 mV. The worst case settling time in this sequence is



Single Stage Test: Vin>Vref/4 o

o g stage 1 through stage 6 are shown in Fig. 22 and 23. They

settle to the values in the following table as the input signal
S propagates through the pipeline.
e stage 1 2 3

B 1 | i Vout (MV) | —9.96 | —19.84 | —39.52
: \ { stage 4 5 6
i Vour (MV) | —78.80 | —157.2 | —313.5

—320m

—420m
b6 Ton 200 Son T Son son Ton Bon

i
= =) Fee (38 73T = ) (o)
B T o R e

Fig. 19. Single stage testi, > Vicr/4, Vout = 20in — Vrey.

pipelined ADC settling o
«. stagel_ckip
tom 7 vout! 1.90
Single Stage Test: Vin<—Vre/4 o ]
- S zem sloge1 setties 1o ~9.95 soam T
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~toom
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~ stade3 settles to 39.52 mV| ~
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Fig. 20. Single stage test;, < —Vyef/4, Vout = 2Vin + Vies. Fig. 22. Outputs at stage 1 through 3 whep = 5 mV.
found to beT = 5.74 ns. Note thatl’ defined in Fig. 11 is R Fieines 05 g :
relative to the end ap,’s falling edge, which is 1 ns behind the 2
reference we used in Fig. 480. For this reason, ck2 instead :=ﬁ—f=\\¥f? 3
of cklp is plotted in Fig. 21. If we choos& = 6 ns and

Critical Signol Path Test o
- 100m 13
18 wokz = -
z >
15 Z _osom staged settles to 157.2 v -
12 ~408m —10em

S :::m Sﬂ,ﬂmi aﬁgﬂcw 2.0
300} A*‘DWM 1.3 —
e ut vin < - stogeb settles to 3135 soom <
8o0m 7 vout
—408m —10@m
508m time (s )
e ( Fig. 23. Outputs at stage 4 through 6 whep = 5 mV.
BT esestom © o -5
pipelined ADC digital output with input = 1 LSB i
Fig. 21. Critical signal path testy;,, = —640 mV, 640 mV, -640 mV. tog o stogel_z
2 soom { Jz of stage 1 ga\ea high / ‘ /
=~ 10em \ . \

AT = Tyq, = 0.5 ns, the minimum clock period i&,;, = 14 B
ns, which yields a sampling frequency of.4 MHz. To leave 2 ot \ }%nfsmgeutes bigh f 1
some safety margin our clock frequency is set at 50 MHz. : :

|

190 x: stoged z

E. Complete ADC system 2 o [ ] i

|
The overall pipelined ADC is set up as decribed in Fig. 1. 1 pooet v

Since there are many devices in the system, the simulation < \ f \ fmwm f L
takes a long time. Insufficient time prevents us from running lop v e
a full set of simulations to gauge ADC’s linearity. Instead, asa = [ | [ | e ]
indication of the full system’s functionality, a trivial simulation [P—
is showcased here. For simplicity, op-amp and comparator gjssmE 1 j \ f ] j“‘S‘”““*E“‘Q”
offsets are disabled. We feed a 1 LSB (5 mV) input to the L T .

system, and observe the signal ripples through pipelined ADC
and produces meaningful digital output levels. The outputs of Fig. 24. Digital signalz at stage 1 through 6.



Instead of comparator output levels, we plotted the digital level
Z of Eq. (5) in Fig. 24. They produce all ones, which are
correct decisions.

IV. CONCLUSION

Experience belies the claim that the complexity of pipelined
ADC grows linearly with number of bits. Although pipelined
ADC offers a more streamlined structure than flash ADC, it
demands high performance op-amps, which directly affects
the gain error and SHA settling speed. Moreover, at high
precision, capacitor and charge injection mismatches come
into the picture, and eventually, the complexity of the overall
system becomes comparable to that of a flash ADC.

This project also offers valuable hands-on experience on
analog integrated circuit design. The need to balance multiple
design objectives such as power consumption, speed, accuracy,
linearity, output swing, makes the process challenging and
often intriguing.
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