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Abstract 

Nonlinear AID converters are receiving wide attention from systcm and circuit designers. They can 
he applied to solve many problems of data acquisition and encoding in the field of instrumentation. 
Some new generalized techniques to implement these converters are presented in this paper. 

Key words : Non-linear AID converter, non-linear INA converter, Haar function, iteration, cascade 
connection. 

1. Introduction 

Nonlinear AID converters are a class of data converters which are useful in instru- 
mentation, communication and other applications. In instrumentation many trans- 
ducers have nonlinear characteristics. The use of nonlinear converters makes it possible 
to obtain a linear relationship between the digital output and the physical parameter. 
Digital communication systems, such as PCM require companding of speech signals 
to maintain a uniform signal/noise ratio over a wide dynamic range, which can be 
accomplished by means of nonlinear AID converters. Also these converters are useful 
in generating nonlinear functions as required in signal processing systems. 

2, Nonlinear A/D Converters  —A state of the art review 

Ibis fieldhas received considerable attention in the past few years in view of the above a  
roPP mations and recent advances in IC technology. Several schemes have been developed 
for realizing nonlinear A/D converters, of which three important mahods are described 
below. ow . In one approach, a linear AID converter is preceded by a nonlinear analogue 
a  nyerter. In another approach, the nonlinear converter is of digital type and it follows 

linear A/D converter. In yet another approach, the nonlinear conversion and A/D 
tra 
su  formation are performed by the slime circuit which cannot be easily separated. In 

a  case) the AID converter may be termed as composite nonlinear A/D converter. 
Portant aspects of all these schemes are given below: 
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(a) Nonlinear A/D converter based on analogue converter 

A block schematic of the converter is shown in Fig. 1. Some of these analogue converters 
employ the nonlinear V—I characteristic of certain electronic devices and perform non- 
linear conversion. Junction diodes and transistors with collector shorted to base have 
been used to generate nonlinear functions. These are connected in the feedback or 
input network of an OPAMP to obtain logarithmic or exponential conversion.'. The 
nonlinear transconductance of FET's has been exploited for implementin g polynomial 
law conversion 2. SCR's are also used to realize quasi-logarithmic function'. In this 
operation, the SCR acts as a feedback resistor for an OPAMP so that the quasi. 
logarithmic function is generated. 

NONLINEAR 	 LINEAR 	DIGITAL 

CA ANALOGUE 	 AID 	 OUTPUT 
CONVERTER 	CONVERTER  

FIG. 1. Nonlinear AID converter based on analogue converter. 

A different approach for realizing nonlinear converters is based on the piec,ewise 
linear approximation of nonlinear functions. In this method, diQdes and resistors are 
appropriately connected to generate the required function'. Another technique utilizes 
an analogue multiplier to implement square, square-root, polynomial and inverse func- 
tions5. These multipliers are available in IC form and have the desirable features of good 
linearity, wide bandwidth, low drift and low cost. 

• In general, it is relatively easy to implement this type of nonlinear converter. How- 
ever, the disadvantages associated with these converters are limited accuracy, variation 
in circuit performance with temperature and ageing and device matching problems. 

(b) Nonlinear AjD converter based on digital converters 

As shown in the block diagram of Fig. 2, a linear AID converter is followed by a non- 

linear digital converter. Various numerical algorithms are available to implement 
digitalconverters6 1 7  as required in this application. Both sequential and combationa

t  

techniques are employed in these converters. An alternative approach makes use of 
 

nonlinear counters, whose outputs are nonlinear functions of the number of clock pulse; 
fed into there. The block diagram of a nonlinear A/D converter utilizing this cot! n

.te 

is shown in Fig. 3. When the conversion is completed, both linear and nonlinear digital 
outputs are available at the tespective output terminals of the counters. 

o 	4 LINE AR 	I 	NONLINEAR 
AID   DIGITAL 	4 DIGITAL 

	

_L---  CONVERTER I 	CONVERTER 	OUTPUT 
4 

_. 
Fm. 2. Nonlinear AID converter based on digital converter. 
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FIG, 3. Nonlinear AID converter based on nonlinear counter, 

The accuracy and resolution of this type of converter are essentially determined by the 
linear A/D converter. Therefore, the association of a nonlinear digital convetter with 
this system, ensures that the same performance is maintained. The disadvantages asso- 
ciated with this system ate its increased complexity and lower operating speed. 

(c) Composite nonlinear AID converters 

Like linear A/D converters, these are also classified as 'open loop' type and 'feedback' 
type. Hence there are many possibilities for achieving nonlinear A/D conversion using 
this approach. Typical examples of open loop ,  type convertets are logarithmic RC 
discharge voltage-to-time converter 7  and dual-slope type AID converter°. In the former 
type, a capacitor is charged to an input voltage 1, 4  and then discharged through a resis- 
tance. The dual-slope technique is utilized to tealize logarithmic, polynomial, 
exponential, square-root and square functions. Important aspects of a polynomial 
converter following this approach are described below as a typical example. 

Fig. 4 shows the schematic of a polynomial converter. The operation of this 

horn 	
is very similar to that of the linear dual-slope converter. It is easy to see 

I oin Fig. 4 that the input-output relationship of this converter is given by, 

V 4 	at + til2 	 (1) 

to 	
! represents the time period during which a reference voltage VE 1  is connected o r  

of  ne  Integrator and a and b are constants. Since a and b are dependent on the values 

! and C in the ci i cuit, the value of t gets affected by their variations. This sets a 

on the performance of this converter. 

hi The feedback type of converters employ nonlinear D/A converters as feedback 
-socks In association with suitable logic circuits. The nonlinear D/A converters are 
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FIG. 4. Polynomial converter. 

realized using a linear D/A convertei in conjunction with a transcoderu. 	An alternate 
method in realizing nonlinear D/A converters employs resistors and analogue switche0 21 3 . 

The AID converters described above have low system complexity similar to those 
described in (a). Since their nonlinear characteristics are not dependent on the non- 
linear nature of any device, their resolution and accuracy are as good as those described 
in (b) . 

3. Some new techniques for nonlinear AID converters 

Important features of nonlinear A/D converters have been covered in the previous 

section. It is clear from the above discussion that no effort seems to have been made 
towards the realization of a generalized algorithm to implement nonlinear AID converters. 

Hence it was decided to conduct a detailed investigation on nonlinear AID converters. 

The result of this is the systematic synthesis of nonlinear functions and development 
of the following techniques for realizing nonlinear AID converters: 

(a) Conversion using Haar functions, 

(b) iteration, and 

(c) Cascade connection of linear D/A converters. 

These converters make use of nonlinear D/A converters as their feedback blocks. 
The block schematic of such a converter is shown in Fig. 5. It comprises a volts!e 

comparator, control logic circuits, a counter, a nonlinear D/A converter, and a cloiks  

generator. The D/A converter is driven by the counter and its output voltage, 4 ,  

a nonlinear function of input digital data D. At the end of the conversion, voecluab 
the input voltage v,. Thus 

CLOCK 
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Flo. 5. Nonlinear AID converter. 

vo  =f (D) =_-_ 

Or 

D p (i%) 

where 

(2) 

(3) 

D==E a i/2 1  
4-1  

with ab a2  • • . am  as digital inputs to the D/A converter. The different techniques to 
implement nonlinear AID converters are described below in detail. 

(a) Conversion using Mar functions 

In this type of conversion, a nonlinear D/A converter based on Haar functions is utilized. 
The blockschematic of a nonlinear D/A converter based on Haar functions is shown 
1 11 Fig. 6. The digital input drives the Haar function generator. The Haar functions 
Produced at its output are multiplied according to the required weights by the weight 
niultiplier. The multiplied weights are added by a summing amplifier which produces 

the corresponding analogue voltage at its output. 

The Haar functions are described by the following equation : 

BAR (r 	n, D) = 	\i2P, n/2P --C. D.-AC(ii + 1/2)/2P 

\RP, (n 	1/2)/2? < D (n 	1)12P, 

(4) 
0, elsewhere.  
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FIG. 6. Nonlinear DiA. converter based on HAAR functions, 

where p =-- 0, 1,•- n = 0, 1, 2- • • (2P — 1) and D is the given variable. A continuous 
function f (D) can be synthesized from a Haar series as shown below: 

=--- I f (D)T°  C,, HA R (11, D) 
n =0 	 (5) 

where, 

C. = f f (D). HAR (n, 0) d D 
(6) 0  

The Haar functions can be derived from block functions which are defined by the 
following equation : 

I, n/2P 	‘, 	-I- 1)12P 
q (2P ' n 	=gee  0, elsewhere 

where p = 0, 1 — • and n = 0, 1 , (21' — 1) 

(7) 

The Haar functions can also be expressed as combination of positive and negative block 
functions as shown by the following equation : 

H A R (0, D) r---- q (1 , 0 ; 	D) 

[H A R (2P ± n, D) =. V2P [q (2P -0., 2n; D) — q (2P+', 2n + 1; D)] (8) 

where p and n indicate the degree and the order of block functions respectively. 

The block functions can be generated easily. The schematic diagram of a typical 
block function generator is shown in Fig. 7, which produces block functionscorrespon d- 

ing to digital input. It consists of several binary-to-decimal decoders, driven by the 

dig ital input. The decoder I produces al  (MSB) and its complement. The decoder 11 

has two digital inputs al , az  and produces four block functions, q (4, Cs; D) 

q (4, 3; D). Similarly the decoder III has three inputs and it generates eight block
,  

functions, viz., q (8, 0; D) 	q (8, 7; D). In general, a decoder M produces 2u block 

functions. 
h t o 

The first block function is equal to I ' for the entire range 0‘ D ‘. 1. Tne  !la  

block functions produced by decoder I are used to generate HAR 	D). In a sinILA  
manner, HAR (2, D) and HAR (3, D) are produced employing block functions general' 



Vp 
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cl( 2P+1 , 2n+ I; 0) 
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FIG. 7. Digital-to-block function generator. 

by decoder II. The block functions of decoder III generate HAR (4, D) - HAR (7, D). 
Thus, an m-bit digital input can produce r Haar functions. The schematic of a circuit 
to produce Flaar functions from block functions is shown in Fig. 8. The three SPST 
switches .51–S3  facilitate the connection of reference levels + V,, — 7I„ and ground 

to the output terminal in response to the block function signals. When block function 

	

q (2° , 2n; D) assumes' I ', 	V, appears at the output. The succeeding block function 

(1(21 1 2n + 1; D) drives So and — V, now appears at the output. When both are in 
' 0' ' state, the switch S 3  is turned OK connecting the output to ground. Thus the circuit 
Produces HAR (2P n, 

PTO .  0 .  0 Block function-to-TIAAR function converter. 

The Haar functions so produced have to be multiplied by weights 
C,,. The summing 

anTlifier shown in Fig. 9 adds the input voltages in a proportion determined by the input 
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An. 9. Summing amplifier, 

resistance network. The coefficients C e  are calculated for the given function. If c 
is negative, the polarity of the ith Haar function is reversed before feeding to the adder 
circuit. Let e n  be the voltage corresponding to HAR (n, D). Then, 

Vo  =-- .R/  
2m-3. 
f ejR 
ito (9) 

where, P 4 	liC i . 

Hence, 

203-1 
vo 	 Clef 

1=0 

R I 	C 
i0 

MAR (i, D) (10) 

Thus, a nonlinear analogue output voltage is obtained corresponding to the digits' 
input. The conversion time of this D I A converter can be made very small by using a 
high slew rate OPAMP for the summing amplifier. This D/A converter can be employed 
in the feedback path of an A/D convener to realize appropriate nonlinear funcnons. 

(b) Conversion using iteration 

In this section nonlinear AID converter based on iteration technique is presented. , 

this 
main advantage of this system is the relatively low complexity of the harthkart. 
In 	s method, a nonlinear D,A convener 	

e 

 er based on iterations is employed in t .  

feedback path of the AID converter. The synthesis of the nonlinear D/A converter IS 

as follows : A difference equation for the then nonlinear function is first writtenf 
accordingly the circuit blocks, to be described later in this section, are connected the 
realize the function. A linear differenc-e equation of nth order is given below an n 
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block sc heinatic of the circuit to represent this equation is shown in Fig. 10. The equa- 
tion is of the form, 

(11) 
where D. 17  and X represent digital input, output voltage and input to the system res- 
pectively. 

. 

ft 

bn 
0707-0.pt  ‘ADDER 	

atj (D+n) 

FIG. M. Realization of difference equation. 

The circuit of Fig. 10 consists of an adder, several controlled analogue delay units 
and amplifiers with gains (bi 	ba. As shown, the output V (D n) is fed back to 
the adder and the process is iterated. At the end of each iteration, the delay unit passes 
its input to the output. At the end of n iterations, Eqn. (11) is satisfied. In the case 
of D/Aconverters, the number of iterations is proportional to digital input D. Hence, 
a circuit to generate a burst of clock pulses, with the number of clock pulses being 
Proportional to D is used in the DJA converter. The important constituents of this 
co. nverter are (i) digital information to pulse burst converter, (ii) adder circuit, and 
00 analogue delay circuits, which are being described below. The block schematic 
of digital-to-pulse burst generator is shown in Fig. 11 (a). It consists of a digital 

comparator, a counter and a gated clock. The n-bit digital input and the output of 
n-bit counter are fed to the digital comparator, whose output is gated with the clock 
and the gate output is connected as input to the counter. 

Initially the counter is reset and the comparator output is in 1 'state, allowing the 

thi
s pulses to pass through the gate. The clock pulses are counted by the counter and 

the
tu Pro 	 th cess continues till the counter output equals e digital input. At this stage,  l  

eo.  
ng 
mparator output changes to '0' state thereby inhibiting the clock pulses from 

„achi  the counter. Thus, a burst of pulses is obtained at the output terminal. It 
I.:teasY to see that the number of pulses in this burst is proportional to the digital input. 
Inc number, N, is given by, • 

I. 

a j  212' 
(12) 

V (D + + bn V (D n - I)+ • +1' V (D) X (D 

Where, al 	
represent the digital data. 	 • 
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FIG. 11 (a). Digniaarallear burst converter. 

The adder &cast a tesically a summing amplifier employing an OPAMP. Th e  
OPAMF' to he 1sta k high gain, high slew rate, high input impedance amplifier for  
(rood results- Fs: 1. r1 shows the schematic of an analogue delay circuit. It consists 
of two sample anti sokt amplifiers connected in cascade. Each sanapie and hold ampli- 
fier consists at i nflzt 5, a capacitor C and high input impedance volm.ge follos‘er. 
When the =unit nenaL e, is in '1' state the switch S 1  is closed aad C1 chargesw 
input vo[tar rr  "Wien e goes to ' 0 ' state, S1  is turned off and S. is menet! ON, 
transferring the ritstit= held by C 1  to C74 and the input voltaee appean it die output 
Thus, the thigur mifisw is delayed by a time period determined by the coszol signal e. 

If the olat-rur 53an dr 'pulse burst generator acts as the control sine& on the input 

voltage ts debt i -use clock pulse, i.e., the input appears at the 4: --7a it :Et S 

the clod( pubes 

43.68SMIMS■asS 

fisn, 

as-11 

flu. IL it Ammer lielay circuit. 

In a familiar yeti the input can be delayed by n-pulses by casatarnr P -Irsav milts  
shown at Fz 11 jet with the delay units being driven by chc 711111 	Ch. it  

of the int eat* pi.ise. the input appears at the first delay unc it 	rwst 

is triasttea 	tie output of ith delay unit at the end of Art aact nUt 
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Fro, 11 (C). Delay unit. 

FIG. 11 (a) to (e). Important building blocks of nonlinear D/A converter. 

These units are connected as shown in Fig. 	10 to realise the nonlinear D/A converter. 
With this method, different nonlinear functions can be easily generated by connecting 
the above constituents in an appropriate manner, determined by the relevant difference 
equation. 	Though the hardware complexity of this technique is low, the conversion 
time is quite high. 	The conversion time period varies with the digital input and the 
maximum time for art n-bit conversion is 

i con. (max) = 2. t„ 	 (13) 

where, t e  is the time period of the clock pulses employed in the pulse burst generator. 

The D/A converter described above can be used as a feedback block in nonlinear 
AjD converters. Since the conversion time period of D/A converter is large, only 
counter-ramp type converters can be realized employing this technique. 

(c) Conversion based on cascade connection of linear DIA converters 

Two generalized algorithms to implement nonlinear ND converters are presented in 
the previous sections. In this section, a technique is explained which can generate a 
Polynomial function utilizing linear multiplying D/A converters. 

Fig. 12 shows the block schematic of an nth order polynomial D/A converter. It 
consists of n linear D/A converters connected in cascade and an adder circuit to sum 
UP the outputs of all these converters. Each linear D/A converter consists of a register 
to 

 

store the digital data, a reference voltage source, switches, a resistance network 
(eg., 

R-2 R) and an OPAMP at the output terminals. It is clear from Fig. 12 that the out- 
put of rth D/A converter acts as reference voltage for Q + 1)th converter and the digital 
input D is simultaneously applied to all the D/A converters. Therefore, the output of 

first DjA converter is given by 	 (14) 
VOL K D 

Where 
	is a constant. Since v ol.  acts as reference voltage for the second converter, 

Its output v ez  is related to D as follows : 

K V 01  .D 	 (15) 
K 2  . D2 
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In general, the output of ith DJA converter is given by, 

vim  --t-- IC;  . V 

The output of the adder circuit is given by 

is 

vo  ----- vx/Rx  + E ( VR  . D'/R1 ) R I  
?. I  

(16) 

(17) 

where, VX is a fixed voltage as shown in Fig. 12. 
as, 

A 

110 = I 
into 

The above equation can be rewritten 

(18) 

where bi  is a constant. This constant is dependent upon the number of bits, in, in the 

digital input, the reference voltage V,, the resistors Ri  and RI  of the adder circuit. 
Evidently v o  represents the nth order polynomial of D. 

The polynomial D/A converter with a few modifications can be used to generate 
other functions also. Any function f (D) can be expressed in terms of Maclaunn sent) 
as follows: 

f (D) = f (0) ± al (0)11 ! + D 2  . f2  (0)/2 1 -1-  • • • 
091  + D" . f" (0)/n ! + ... 

where, Fs (0) represents nth derivative of the function at D = 0. A fairly accurate lbws 
don can be synthesized even while using a limited number of terms of Eq. ( 19L 
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The main advantage of this type of D/A converter is that with only linear D/A con- 
verters and an adder circuit, several nonlinear functions can be generated to good approxi- 
mation. The conversion period of the D/A converter is the sum of all the individual 
delays of each linear D/A converter. Hence the conversion period of the non-linear 
DiA converter is approximately 1 p sec. The above nonlinear D/A converter is used 
to realize a polynomial A/D converter. Since the conversion period of this D/A con- 
verter is relatively small, high speed techniques like successive approximation can be 
associated with this for nonlinear quantization. 

4. Experimental work 

It is easy to implement the generalized techniques described in the above section. To 
demonstrate the effectiveness of these techniques, logarithmic and polynomial A/D 
converters were implemented. These are described in the following sub-sections. 

(a) Logarithmic AD converter 

For a logarithmic A/D converter, it is necessary to have an exponential D/A converter. 
A D/A converter based on Haar functions is employed here. The block schematic of 
a 5-bit converter following this is shown in Fig. 13 (a). Initially the comparator input 
is high thereby enabling the clock pulses to reach the counter. The counter output 
drives the D/A converter. When it o  equals vi  the output of comparator goes low, thereby 
inhibiting the clock pulses from reaching the counter. The output of the counter is 
therefore a logarithmic function of vi . The input range is 0-5V and the maximum con- 
version period is 32 p sec, when the clock frequency is I MHz. The transfer characte- 
ristic of the D/A converter is shown in Fig. 13 (b). 

COMPARATOR 
EXPONENTIAL 

D/A 
CONVERTER 

DIGITAL 

OUTPUT 

5-BIT 
rel COUNTER 

6 RESET 

Pi' 13 
 (a). 5-Bit logarithmic AID converter. 

CLOCK 
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FIG. 13 (b). Transfer characteristic of exponential WA converter. X-axis--10 i4 seclDiv; 
1–axis-1V/Div. 

(b) Polynomial converter 

The block schematic of a 2nd order A/D converter is shown in Fig. 14 (a). The DiA 
converter employed here is of the polynomial type and is described in sub-section 3(c). 
The operation of the converter is similar to the counter-ramp type converter described 
in the above sub-section. When the quantization is complete the digital output is 
related to input voltage as follows: 

D =-- av i  + bv1 
	

(20) 

where a and b are constants. 
sion interval is 32 it sec when 

The input voltage range is 0-5 V and the maximum cover- 

the clock frequency is 1 MHz. This converter is useful 

C L OCK 

RESET 

FIG. 14 (a) . 5-Bit polynomial AM converter. 
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i n  linearizing the outputs of certain nonlinear transducers like thermocouples. The 

transfer characteristic of the D/A converter is shown in Fig. 14 (b). 

U 

FIG. 14 (b). Transfer characteristic of polynomial D/A converter. X-axis-10 p, sec/Div; 

Y-axis—IV/Div. 

5. Conclusion 

The theory and practical implementation of nonlinear AID converters using generalized 
algorithms are presented in this paper. The main advantage of the different techniques 
developed is their suitability for realizing a wide range of nonlinear characteristics with 
very few modifications in the hardware. Hence these converters are useful for a variety 

of applications in electronic systems. 
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