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V. CONCLUSION 

An experimental video 10-bit ADC has been designed and 
fabricated using BiCMOS circuit and process technology. The 
test chip does not include the sample-and-hold function. The new 
subranging configuration utilizing CMOS analog switches and 
bipolar high-speed high-accuracy comparators has been adopted. 
The results are a 10-bit 10-MHz operation, less than 4 mV of the 
linearity error, and -75 dB of the noise level with a 30-kHz 
bandwidth. The possibility of realizing a video 10-bit ADC has 
been confirmed. As the used design rule is only 3 pm, we can 
expect a higher frequency operation and a smaller chip size by 
using a further reduced version of the devices. Problems left for 
the future are to achieve 20-MHz operation, protection circuitry, 
and on-chip sample and hold. 
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Using Active Components to Perform Voltage 
Division in Digital-to-Analog Conversion 
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Abstract -A new design of a voltage-mode D/A converter using only 
fabrication steps required by the MOSFETs is described. The new D/A 
converter is implemented using a new basic-circuit-building block called 
the Three-Input AMPlifier (TIAMP) which can perform voltage addition 
and voltage division by two without using any passive component. 

I. INTRODUCTION 

General trends in the development of digital systems clearly 
predict the continuing emergence of highly complex, sophisti- 
cated, or “intelligent” chips. They will incorporate both complex 
digital assemblages and analog (sub) systems for interfacing and 
(possibly) special signal processing. Such on-chip analog (sub) 
systems certainly include A/D and D/A converters. But, since 
the digital system is likely to be complex and therefore to occupy 
most of the chip, any special fabrication steps required by the 
analog part will significantly impact the cost. Therefore, for such 
a hybrid chip, one needs analog techniques that do not use 
precise, well-matched, or highly linear passive components, nor 
employ corresponding processing steps unnecessary for digital 
circuits. This paper addresses the issue of such low-cost analog 
subsystems with emphasis on D/A conversion. 

One important process of D/A conversion involves voltage 
division (by 2) and summation. Conventionally, voltage normally 
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Fig. 2. (a) The TIAMP and (b) its equivalent circuit. 

uses passive components. Consequently, at present, all voltage- 
mode D/A converters require linear well-matched components, 
resistors (nickel chrome), or capacitors (double polysilicon) whose 
processing cost is high. 

In this paper, we describe a voltage-mode D/A conversion 
technique that eliminates the need for passive components in 
performing voltage division. Any fabrication process designed for 
digital circuits may be used to implement the proposed technique 
with accuracy appropriate for telecommunication applications. 

11. A NEW D/A CONVERTER I~WLEMENTATION 

Conceptually, the simplest and most straightforward form of 
D/A converter can be modeled as a cascade of voltage summers 
as shown in Fig. 1. Each summer sums the output of the 
preceding one with the ground potential or the reference voltage,’ 
depending on the corresponding bit. Half the corresponding sum 
is provided as the output voltage of each stage. The output 
voltage of the entire D/A converter, which appears at the end of 
the amplifier cascade, may be written as 

v, =1/2v,,, { U”*  + a,_,2-’ + .. .  + a122-N+ a , 2 1 - N } .  (1) 

The long signal path traveled by the least-significant-bit (LSB) 
voltage requires the use of fast voltage summers to ensure a 
reasonable speed of operation. Nevertheless, for an accuracy 
better than 0.5 LSB, the LSB component of the output voltage of 
the D/A converter must settle only to 50 percent. Since all but 
the last of the voltage summers drive an internal node with very 
small parasitic capacitance, any reasonable amplifier with suit- 
able compensation should allow operation at 100 kHz or above. 

The only parameter that affects the (differential and integral) 
linearity of the D/A converter is the gain of the voltage summer. 
Modest accuracy requires the use of a voltage summer with 
reasonably well-controlled gain (for example, less than 0.2-per- 
cent gain error for an 8-bit accuracy). 

It is obvious that the voltage summer may be implemented 
using operational amplifiers and a number of well-matched resis- 

‘In some cases, the ground potential may be varied to bias the voltage 
summer in a more linear region of operation. 
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tors, which. however, are difficult to implement on chip. A more 
appropriate approach is to use the Three-lnput AMPlifier 
(TIAMP) shown in Fig. 2 [l]. The TIAMP has two channels 
whch are ideally perfectly matched. If the gain of each of the two 
channels is A ,  then the output voltage of the TIAMP may be 
expressed as 

If A >> 1. then q3 = (VI  + V2)/2 Thus, the TIAMP. connected in 
a closed-loop configuration, acts as a Loltage summer ai th  a gain 
of one-half or, alternatively, as an averagcr 

If we denote the open-loop gam of each channel as 11 = A ,  / ] U .  

then (2) becomes 

It follows that the closed-loop 3-dB bandwidth of the voltage 
summer is twice that of the open-loop unity-gain bandwidth of 
each channel. The extension of the closed-loop bandwidth be- 
yond the open-loop unity-gain bandwidth is uniquely a character- 
istic of the TIAMP. From ( 2 ) ,  the closed-loop-gain error due to 
the finite open.-loop gain may be expressed as c =l / ( l+  2 A , > ) ,  
which shows that the closed-loop-gain error is at least twice less 
sensitive to the open-loop gain than an equivalent circuit imple- 
mented using an op amp [l]. It is obvious that the TIAMP. with 
its wide closed-loop bandwidth and lower sensitivity of closed- 
loop gain to open-loop gain, is an ideal building block for the 
implementation of the voltage summer used in the cascade D/A 
converter. The resulting D/A converter, implemented using the 
TIAMP, is shown in Fig. 3. 

111. CIRCUIT IMPLEMENTATION 01 THE TIAMP 

The TIAMP may be realized simply as shoun in Fig. 4. The 
input stage consists of two differential pairs. Unlike the situation 
in the conventional operational amplifier, the voltage across the 
inputs of each differential pair is not zero, but rather half of the 
difference of the two input voltages of the voltage summer. To 
accommodate the large input voltage swing inherent in this mode 
of operation, the biasing gate-source voltages of the differential 

pair must be large. This requires the use of MOSFET‘s having a 
small aspect ratio. The relationship of the transistor sizes and the 
input-voltage swing is best summarized by the following equation 
PI: 

where is the aspect ratio of Pl-P4, Ti,6 is the aspect ratio of 
Pi and Ph, and y,,,,, is the maximum voltage drop across the 
two inputs of a differential pair. We note that by splitting the 
connection between the gates of P2 and P, to create an addi- 
tional input, a four-input amplifier known as a “differential 
difference amplifier” can be created. as has been proposed inde- 
pendently by Sackinger and Guggenbiihl [2] .  

Mismatches can occur only in the input stage since the second 
stage is common to both channels. The following relationships 
have been shown in [l]. 

1) Mismatches in Pl-P4 result in nonlinearity. rather than 
simply the nonzero offset voltage correspondingly produced in a 
conventional operational amplifier. Close study also shows that 
only matching between P, and P,. and P2 and P4 is required. 

2) Small mismatches of R, and N2 cause negligible nonlinear- 
itv. 

3) A fixed amount of mismatch of tail-end biasing currents 
leads only to a nonzero offset voltage. However, if the output 
impedance of the tail-end biasing-current source is not large 
enough. the mismatch in tail-end biasing currents will be a 
function of the input common-mode voltage. This in turn leads 
to nonlinearity. 

4) Mismatch of threshold voltages due to the body effect does 
not lead to undesirable results. provided that the intrinsic thresh- 
old voltages of the MOSFET’s are equal. However. if the body- 
effect parameter is too large. a nonlinearity due to a degradation 
of the output impedance of P5 and P, may result from exces- 
sively large gate-to-source voltages applied to PI - P4. 

These relationships have been used in the design and optimiza- 
tion of a practical TIAMP. In general, the combination of input 
transistor sizes and biasing current levels provides a suitable 
linear region of operation for the purpose of minimizing nonlin- 
earity. The particular choice of the biasing current will be cov- 
ered in more detail in the next section. 

The only passive components used in the TIAMP in Fig. 4 are 
for the purpose of frequency compensation. Thus, they do not 
have to be highly linear or well-matched. The associated resistor 
may be implemented using a MOSFET biased in the triode 
region. The associated capacitor may employ the parasitic capaci- 
tance of a large MOSFET. 

The TIAMP has been simulated using SPICE. For use in the 
D/A converter. the region of zero-gain error was selected to be 
around -2.5 V. The simulation results summarized in Table I 
clearly indicate that the TIAMP design has wide bandwidth and 
fast settling time. Thc relatively small open-loop gain is due 
mainly to the small transconductance of the input stage. How- 
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Fig. 5 .  Differential nonlineanties at major carries 

ever, its effect is partially cancelled by the lower sensitivity of the 
closed-loop gain to open-loop gain.* 

IV. DIFFERENTIAL NONLINEARITY CONSIDERATIONS 

The differential nonlinearity of the D/A converter at the first 
major carry (011 . . .1 ,  100 . . . 0) can be expressed as 

DNL kl-N - {k>-N+k3-N+ . . .  + k - ' + 2 }  

k2-N- 1 

1 - k  - 2  (5) - - k1-N- ~ 

where k is the closed-loop gain of the TIAMP. 
For a given value of k not equal to 1/2, generally speaking, 

the magnitude of DNL increases with increasing values of N.  
This is illustrated by the curves shown in Fig. 5. 

From these curves, we may deduce that the DNL is most 
sensitive to the gain error of the TIAMP at the first major carry. 
It follows that the TIAMP should be biased in such a way as to 
minimize the DNL at the first major carry. For both input codes 
011 . . . 1 and 100.  . . O ,  input voltages for all TIAMPs are either 
zero or very close to the reference voltage. Thus, to minimize the 
DNL at the first major carry, the TIAMP design should be 
optimized to have very small closed-loop-gain errors for large 
input voltages. This requires large biasing currents which lead to 
large closed-loop-gain errors for small input voltages. The 
closed-loop-gain errors for small input voltages affect conversion 
accuracy of other input codes (such as 00. . . 01 and 100 . . . 01) 
which causes some of the TIAMP's to have small input voltages. 
However, fortunately, the DNL associated with these codes is 
relatively insensitive to the closed-loop-gain error. This is illus- 
trated by considering, for example, the DNL at (100 . . . 0, 
100 . . . 01) which is given by 

DNL ( 2 k ) '  - 1 (6) 

where i = N - j - 1 and j = log, ( yel/I/;.ri,lcal). The variable 
Vcritical is the input voltage below which the closed-loop-gain 
errors of the TIAMP become significantly large. 

Simulation of the circuit in Fig. 4 indicates that closed-loop- 
gain errors are below 2 percent for input voltages lower than 
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Fig. 6 .  Overall linearity of the TIAMP. 

- 71 mV. Using a reference voltage of - 2.5 V, with N = 8 and 
for a DNL less than 0.5 LSB, the maximum closed-loop-gain 
error allowed according to (6) is 22 percent. Thus, large closed- 
loop-gain errors present in the TIAMP for small input voltages 
are not a major concern. 

While the use of large biasing currents for the input stage helps 
to improve the transconductance matching of the transistors [3], 
random variations of the transistor sizes due to finite lithographic 
resolution will produce a random component in the DNL. From 
SPICE simulation, the closed-loop-gain error of the TIAMP for 
input voltages between - 2 and - 3 V is negligible (see Fig. 6). It 
follows that, according to (5), for an 8-bit D/A converter with a 
differential nonlinearity of 0.5 LSB, a closed-loop-gain error of 
0.2 percent due to process variation is allowed. 

VI. EXPERIMENTAL RESULTS 

Five samples of an experimental 12-bit D/A converter have 
been fabricated at Northern Telecom using their 3-pm CMOS 
process through the service provided by the Canadian Microelec- 
tronics Corporation. These five D/A converters achieve resolu- 
tions of 10 bits (DNL = 0.30 LSB), 8 bits (DNL = 0.44 LSB), 
7 bits (DNL = 0.37 LSB), 7 bits (DNL = 0.38 LSB), and 6 bits 
(DNL = 0.50 LSB), for peak-to-peak negative output-voltage 
swings no larger than 3 V. The total area occupied by a D/A 
converter is 1.96 mm2, which can be reduced easily to 1.4 mn? by 
simply placing the amplifiers closer to one another. 

Fig. 7 shows the first-major-carry transition of the output 
voltage of the 7-bit resolving D/A converter configured to have 8 
bits. The glitch shown is due both to a skew in the digital-input 
signals and the different path lengths traversed by bit signals 
within the D/A converter. The digital crosstalk seen due to 
imperfect grounding on the printed-circuit test board was mea- 
sured to be 4-mV peak to peak. From the waveform shown in 
Fig. 7, the D/A converter in the 8-bit configuration is found to 
have a DNL of slightly less than 1 LSB. Using a linear-ramp test, 
the maximum rate of conversion was measured to be approxi- 
mately 1 MHz. This relatively high speed of operation is due 
mainly to the very small input capacitance of the TIAMP and the 
use of an output-buffer. The static power dissipation of a 12-bit 
converter is approximately 50 mW. 

'The minimum open-loop gain required for 8-bit accuracy is about 250 V/V 
U]. 
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two, as required in some approaches to digital-to-analog conver- 
sion. The technique described here has been used to implement a 
12-bit D/A converter for which five samples have been tested 
nith accuracies ranging from 6 to 10 bits. Accuracy is limited in 
the present design by the relativelv small sizes chosen for the 
input transistors. The maximum conversion rate of the present 
prototypes has been measured to be approximately 1 MHz with a 
static power dissipation of 50 mW. 
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