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1. Introduction 

This paper present a technique that allows the implementation of 

analog-to-digital converters using mainly active components. While 

total elimination of passive components is not possible, we have 

successfully removed the need for linear and well-matched ones. 

Capacitors in our circuits are solely for the purpose of voltage 

storage; the precision of voltage scaling is totally dependent on the 
matching of active components. While the resistive-ladder tech- 
nique requires the matching of 9 resistors, the technique intro- 

duced here requires matching only of MOSFETs in groups of four, 
one group for each amplifier used. Any improvements in active- 

device technologies will naturally lead to improvement in the per- 

formance of circuits described here. 

2. An algorithmic A/D converter 

The proposed A D  converter is shown in figure 1. The algorithmic 
A D  conversion technique is used. Voltage multiplication by two 

and voltage subtraction are performed by the complementary three- 

input amplifier (CTIAIW)'. When the CTIAMP is connected in a 

simple feedback configuration, as shown in figure 2, the output vol- 
tage can be expressed as 

Vo=(1+?oVi-2'yvref (1) 

where y is the ratio of d.c. gains of the two channels of the 

CTIAMP. If perfect matching of the two channels of the CTIAMP is 
achieved, then ~ 1 .  In this case equation (1) reduces to its ideal form 

V0=2(Vi-Vre~) (2) 

3. Closed-loop-gain-error consideration 

A basic schematic of the CTIAMP is shown in figure 3. 
Mismatches of the four critical transistors, nl and n2 within each 
CTIAMP may lead to gain errors. The gain errors of the CTIAMP 

will cause differential and integral nonlinearities in the conversion 

characteristic of the A/D converter. 
To determine at which point on the conversion-characteristic curve 

(or where the differential nonlinearity) is most sensitive to the 
closed-loop-gain error of the CTIAMP, we must identigy which 
input-voltage interval associated with two consecutive digital values 

is most sensitive to closed-loop-gain error of the CTIAMP: 

If k + l  and k digital values have equal i+lth to N" (or most) 

significant bits, then the first (or LSB) to the i" bits of each digital 

value should be the complement of one another. It follows that the 

input-voltage interval associated with the k+l and k digital values 

has the form 

AV ;;-=2yai(l+y)'-'-'v-2yai-1 (l+y)'-Z-fl 

-. ..-2ya2(l+y)'-N-2vaI(l+y)-N (3) 

In deriving equation (31, equation (1) has been used. 

Since the constants ui, ..., U 1 in equation (3) must be 1, the equation 

can be simplified to 

AV= (4) 

where N>i>O. 
Differentiating equation (4) with respect to y and setting equal to 

its nominal value of 1, equation (4) becomes 

Since N2i >O, the magnitude of &IV/&y reaches its maximum value 

when i=N, that is when 

Equation (6) shows that the nonlinearity of the first major carry is 
most sensitive to the closed-loop-gain error of the CTIAMP. This 

fact greatly simplifies the testing of an A/D converter using the 
CTIAMPs because only one measurement is needed to establish its 
maximum nonlinearity. Moreover, it also allows optimization of the 

design of the CTIAMP as discussed below: 

If Vi=Vre,+& (&<VUB). then the correct output digital value of the 
A/D converter should be 100...0. In this case, the output voltages of 

each CI'IAMP are 

v ,=2(Vi-Vref)=2&. V2=2(2&)=4E 

As the value of E approaches V ~ B ,  2 N ~  

lows that for a correct output digital value, 

v, >o 

approaches 2Vr+ It fol- 

(7) 

' A reLtcd circuit. the three-input amplifier. which has two positive and m e  negative input Er. 
mhlls. has bcm urcd in the impkmmutim of a DIA anvcrtcr npatul Cafier 121. 
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and 

vN<2v,cf (8) 

If the condition expressed by equation (7) is not met then the 

output digital value becomes 011 ... 1; however, if the condition 

expressed by equation (8) is not met then the output'digital value 

becomes 100...01. Since the transition (011 ... 1. lOO...O) @ more sen- 
sitive to the closed-loopgain error of the CIlAMP than the transi- 

tion (1 OO... 0, 100...01) (see equation (6)), the condition expressed by 
equation (7) dominates. 

Similarly, for an output digital value of 01 l...l, we have 

V'=2(Vi-Vr@)<O (9) 

given that 

v i = v e ,  €<VUE (11) 

Following a similar argument, the condition expressed by equation 

(9) dominates. 
The voltage across each input of the CTIAMP for input voltages in 

the range 0<Vi<2Vr4 is plotted in figure 4. Under both conditions 
expressed by equations (7) and (9), the input voltage is In the range 

V r e < V i  Vr@ (12) 

"-eforre, to "ize the nonlineraity of the AID converter, the 

CI'IAMP should be designed such as to minimize the closed-loop- 

gain error for input rvokages in tho range expressed by equation (12). 
In another words, the closed-loopgain error of the CIlAMp in the 

two configurations shown in 6gurc 5 should be kept to a minimum. 
Note that in both of these mdgurations. the voltage across each 
pair of input terminals is V,+ which is the largest possible input 

value. In order to minimize &e closed-loopgain error for large 
input voltages, the biasing current of the ClUMP should be large 

[21,[31. 
The discussion above has established the fact that the nonlinearity 

at the first major carry is most sensitive to the closed-loopgain error 
of the CIIAMP; however, we have not yet quantified the minimum 
closed-loopgain e" of the CTLAMP required for a given accuracy 
of A/D conversion. Figure 6 shows the ideal and practical conver- 
sion characteristics of an A/D ave r t e r .  From the figure, we may 
deduce that the integral nonlinearity of the A/D convuter is given 

by 

where kU, kb. kL and kk axe the ideal and practical uppcr and lower 

input-voltage boundaries, respectively. 

Consider the case of an output digital value of 100...0, for which 
the output voltage of the last CTIAMP can be expressed as 

vN=kv@(l#-2%l#-'vqf (14) 

Vi=kVM. (15) 

The practical upper input-voltage bwndary is given by 

VN--2W,@ (16) 

It follows that 

ktr=21(1*)-'+2$ I*)* (17) 

The ideal upper input-voltage boundary can be found by setting 
pl in equation (17), giving 

ku=1+2'* . (18) 

The practical lower input-voltage boundary is given by 

vN*, (19) 

which leads to 

&=27(1*4 . (20) 

Setting y=1 gives 

kL=l . 
Combining equations (13), (17), (18), (20) and (21), we get 

mNL=27(luu)-'~l~-N-1-2-~ . (22) 

For integral nonlinearities (INL) of 4.5 LSB and -0.5 LSB, the 
corresponding polynomial equations arc nspectively, 

2y(lq)-' Uy(1**-1-2'4=0 (23) 

21(l+y)-'uv(l+r)-~-1=0 (24) 

and 

Equations (23) and (24) can be solved numeriwy. Results are 
provided in Table 1 for N 4  to N=12. The table also shows INLs 

for other output digital values. It is obvious that the requirement on 
yis most soingent for the output digital value of 100...0. 
The differential nonlinearity (DW) of an A/D converter is a meas- 

ure of the deviation of the spacing between two consecutive output 

digital values and thus it is associated with a pair of output digital 
values. Refeking to figure 7, the input-voltage interval between i 

and i + l  digital values is given by 

V(i, i + i )=%(bu(i +1) - k&(i 1) (25) 

For a DNL lower than 03 LSB. 

It follows that 

Shdlmly, fora DNL higher than -0.5 LSB, 

kb(i+l)-kL(i) > LSB or 2l-j" . (28) 

CombiningJ27) and (28), we get 

for 



For the case of (01 l...l, 100...0), 

DNL(O11 ... 1, 100...1) = 

3 
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where 

kb(1 m... 0) = 2Xl+7)-’+2l(l*-N (31) 

and 

kL(Ol1 ... 1) = (l+y)-l-(lq)- 21 9 
Using equations (30). (31) and (32), for the cases of 

DNL c 0.5 LSB and DNL > -0.5 LSB, we get 

~ ~ 1 ) ( 1 ~ ) - ] + 2 ( 1 ~ ~ ( 1 + ~ ~ ~ ~  (33) 

and 

2?r( lUyy-1 +2y( 1+7)4-2( 1+7)-1+2( 1*4-214 

=o (34) 

respectively. 

Equations (33) and (34) can be solved numerically. Some results 

are listed in Table 2. Table 2 also shows the case of (100..0, 

100...01). Clearly, the DNL for (01 l...l, 100...0) dominates. 

4. Input offset-voltage considerations 

Due to the relatively small size of the differential-pair transistors 
used in the CTIAMP, the worst-case-input-offset voltage has been 
measured to be as high as 0.1V. This input-offset voltage will lead 

to nonlinearity in the conversion characteristic. 

For nonlinearity less than 0.5 LSB, the output-offset voltage of the 
(JTIAMP must be less than H VUE. Thus, without offset-voltage 

compensation, our CITAMF’ design, with a 0.1V output-offset vol- 

tage, limits the accuracy of the A/D converter unacceptably to fewer 
than 5 bits (for Vre = 1.5V). 

The output-offset voltage of the CTIAMP can be cancelled by 
using a doubledifferential-pair-offset-cancellation technique 

described in [3]. After the offset-cancellation circuit is incorporated 

the output-offset voltage can be reduced to less than 1mV. 

6. Operating speed considerations 

“here are two important time delays that the designer must con- 
sider when estimating the operating speed of the CI’IAMP A/D con- 

verter. One time delay, r, 1, is the time for the output voltage of the 
(JTIAMP to settle to its correct polarity (while the amplitude might 

still be growing) and the other time delay, tsz. is the time taken for 

the output voltage of the CIlAMP to settle to within VUE of its 
final value. The time delay, r, establishes when to sense the polar- 
ity of the output voltage of the CI’IAMP afm both Vi and Vr# arc 

applied. For the two cases, Vi 3 Vr& or Vi a V,+ tsl is not of 
major concern. However, tsl becomes imp0-t when Vi = Vrd, or 

more precisely, 

(35) 

where E,,I?~VUB. 

For the CTlAMP circuit shown in figure 3, SPICE simulation indi- 
cates the output voltage to be 0.7 mV when Vi=Vr6lV. This gives 

w.9993, and equation (35) becomes 

vi=0.99965* 

For an 8-bit system with V,&V, Va~=7.8 mV, thus &=3.9 mV. It 

follows that 

Vi = 0.99575V 1.00355V 

SPICE simulation shows that r, 1 is less than 50 ns for both cases of 
Vi = 0.99573’ and 1.00355V. It also shows that the time taken, ts2, 

for the output voltage to settle to within % VUE of its final value is 
330 ns. Thus, the total time taken for the conversion of one bit is 
nominally 380 ns. 
When pipeliniig is used, to eliminate the extra time taken for the 

output voltage of the S / H  to settle to its final value, two S/Hs are 
needed per each stage of the A/D Converter. The two S/Hs are 
clocked at a rate equal to the bit-conversion rate. While the one 

S / H  is holding the output voltage of the previous stage of the previ- 
ous bitconversion cycle, the other is tracking the current output of 

the previous stage. This allows the overlapping of the settling timCs 

of both the CI’IAMP and the S/H. 
Allowing 50 ns each for offset-cancellation of the CTIAMP and 

the voltage comparison, the period for the bit-conversion is less than 

500 ns. It follows that the frequency of sampling of the pipelined 
A/D converter is approximately 2 MHz. A higher frequency of sam- 

pling can be achieved by using faster CIlAMP designs or at the 

expense of using more CTlAMPs and S/Hs. 

7. Conclusion 

This paper has described the design of an A D  converter using a 

building block called the Complementary Three-Input Amplifier 

(Cl’IAMP). The closed-loop gain of the CI’IAMP i s  solely depen- 

dent on the matching of active devices. whiie passive devices are 
used only for voltage storage or frequency compensation. 

The technique of conversion described in the paper may be used to 
implement 8-bit A/D converters having a DNL of less than 0.5 LSB. 

The speed of conversion is 2 MHz if pipelining is used. 
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r 1 

Figure I: An A/D converter using complementary three-input 
amplifiers 

Figure 2: The complementary three-input amplifier in a simple 
feedback configuration 

I I 

Figure 3: The schematic of the CTIAMP 

Figure 4: The voltage across each of the input pairs of the 
CTIAMP 

% 

M p r e  5: The configurations of the CTIAMP when input voltage 
(a) is slightly lowa, and (b) is slightly higher than the reference 
"dtpge 
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Figure 6: The INL of an output digital value 

Digital value 

Figure 7:  The DNL of two consecutive digital values 

Table  1: Integral  nonlinearities of t h e  A/D converter. This  table  shows 
for example t h a t  gain matching of the  two channels of t h e  CTIAM” 
should be bet ter  t han  0.707% if a n  integral  nonlinearity of less t h a n  0.5 

LSB and a n  accuracy of 8 bits  a r e  required 

For a differential nod i  

Table 2: Differential nonlinearities of t h e  A/D converter. This table  

shows for example t h a t  gain matching of the  two channels of t he  
C T W  should be bet ter  t han  0.824% if a differential nonlinearity of 
less than  0.5 LSB a n d  an  accuracy of 8 bits  a r e  required 


