
UNIVERSITY OF STOCKHOLM
INSTITUTE OF PHYSIC

A HIGH SPEED DIGITAL-TO-ANAi.
CONVERTER

B. I. Hallgren

February 1974



A High Speed Digital-to-Analogue Converter

B.I. Hallgren

University of Stockholm, Department of Physics, Vanadisvägen 9

S-113 46 Stockholm, Sweden

ABSTRACT

An 8-bit Digital-to Analogue converter of the current-weighting type

has been constructed using 8 monolithic integrated circuit transistor

arrays - one for each bit. The D/A-converter has a voltage output

within the range 0 to -2 V. The settling time to within half of the

least significant bit is about 50 nsec. The temperature dependence

and the transient response of the converter has been analysed using

computer aided design techniques. A comparison is made between

the experimental and simulated transient performance.
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1. INTRODUCTION

As part of the development of a signal detection system using correlation

techniques [1 ] a high-speed D/A-converter with a resolution of 8 bit has

been constructed. The converter is used in two time-shared applications:

1) as part of an A/D-conversion procedure of the successive-approximation

type with a conversion time of 2 ^ sec; 2) as a fast display converter to

present digital stored measurements on a CRT-display.

2. GENERAL PRINCIPLE

In the first application the D/A-converter must perform 8 conversions

for each sample. Hence the converter must be of very high speed. About

100 nsec of the system cycle time of 250 nsec can be used by the D/A-

converter. To obtain the desired speed the converter is operated in the

current mode. The principle is well known [ 2,3] : a well-defined current

is divided in eight binary-weighted currents. The currents which correspond

to the digital input code are then added to the output, see Fig. 1.

The division of the current branches is made by differential pairs of

closely matched transistors. The bases of each pair are connected to

a common voltage, and the incoming current is injected to the emitters.

The selection of the current components is made in a second stage of

differential transistor pairs as shown in Fig. 2. The selected currents

are then added in a resistor of 100 ohms. The voltage across this

resistor is compared by a comparator to the analog voltage, which is

to be digitized and is also used for the display. The four transistors

in the current divider and the current switch are contained in an integrated

monolithic circuit RCA CA 3046-3H6 [4,5]. They are thus held at the

same temperature and their parameters are closely matched.

3. CURRENT GENERATOR

The current generator has been dimensioned for a constant current of

20 mA. The variations around this value must be small compared to
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Fig. 1 Block diagram of the D/A-converter. Fig. 2 Circuit diagram of the current

switch and the divider.
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Fig. 3 Current generator.
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the least significant branch (LSB) of the current division. This branch is

1/256 of the injected current. The variations of the generator should

therefore be less than 0.1 $>. The current generator is shown in Fig. 3.

The temperature dependence of tne current generator is determined mainly

by the temperature coefficient of the zener reference diode and the resistor

R and is about 20 pi-m/°C.

4. THE CURRENT DIVIDERS

The accuracy of the current dividers should be sufficient to make the sum

of the absolute errors of the branches less than | LSB. Factors, which

contribute to the error in the dividers are the input offset voltage (AV_,_)
iihj

of the transistor pairs and the ratio tolerance of the emitter resistors

R and R , see Fig. 2. AV__ varies appreciably with the emitter current
ei e* DE

of the transistor. The sum of AV :s in the first two most significant

branches is about 60$ of the total sum of all branches. The influence of

&V-- can be decreased by making the voltage drops across the emitter

resistors large against AV^-. This is done by connecting the base of

the current dividers to a string of diodes. The number of diodes between

the connecting points for the current dividers determines the voltage drops

across the emitter resistors.

The absolute tolerance of the emitter resistors is not critical, therefore

the problem of matching each pair of R is reduced. The ratio error of

R and R has been chosen to maximum 0.1 % for the four most significant
©1 ©«

branches and 1 %> for the remaining branches. The current division in the

transistor pairs can not be exactly a factor £ , because the base currents

of the transistors are not negligible. The base currents are compensated

in the final trimming. This is done by adjusting resistors R, to give

correct output voltages across the output resistor.

5. THE CURRENT SWITCH

The current mode switch type is used in the D/A-converter. This switch

has fast switching times over a wide current span (10 mA-0.08 mA) with



the transistors used. However, the accuracy is low due to the finite current

gain of the transistors. Therefore, the switch must be compensated. This

is done in the final trimming as described above.

The switches are inverting in operation. A low state on the input turns on

the specified output current component. The converter can be made compa-

tible both to TTL- and ECL-logic. Fig. 2 shows the TTL-version. Each

digital input represents a load equivalent to about 5 TTL inputs.

In the ECL-version of the converter, the digital input is directly connected

to the base of transistor T1. Other modifications for the ECL-version are:

1. The voltage on the base of the transistor T2 must be changed to -1.2 V; 2.

The value of the load resistor must be decreased to 50 ohms.

6. TEMPERATURE DEPENDENCE

The influence of the ambient temperature on the different transistor

modules has been simulated by means of a computer program.

The typical temperature dependence of important parameters are

shown in Table 1. The current gain variation (&h ) is dominating.

In the most significant branch Ah_ _ causes a current change of about

100 ppm/ °C of maximum output current compared to the influence

of AV which is about 3 ppm/°C.
BE*

The branch current which corresponds to the bit k, IDAC(k), see Fig. 2

can be given as a function of the current into the current divider ICD(k+1)

as shown in equation (1):

mAC(k) . i c ^ . [, . _ z _ ]

where the base current of transistors T2 and T3 are subtracted. The

current division is assumed to be ideal. The variation of h__, with

temperature and collector current, as assumed in the simulation, is

shown in Fig. 4. The results are shown in Fig. 5.
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Fig. 4 Typical DC-current gain variation with temperature.
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Fig. 5 Maximum error in output voltage versus temperature for un-

compensated D/A-converter.
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Mox Ros Error
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Fig. 6 Maximum error in output voltage versus temperature of the

compensated h/ A-converter.
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Without temperature compensation the output voltage of the D/A-converter

is within the allowed maximum error ($LSB) over the temperature range

13 °C - 39 °C. Selecting the summation resistor with a temperature

coefficient of -125 ppm/°C extends the operating temperature range to

-5 °C - 85 °C, see Fig. 6. By selecting transistors with high h_ F for the

most significant bits, it is possible to extend the temperature range.

Thermal variations can be caused by changes of the ambient temperature

and by power dissipation in the transistors. The instantaneous power

dissipation for each transistor in a transistor module depends on the digital

code to the current switching pair. The power dissipation in transistors

of the four most significant bits for binary values 1 and 0 are shown in

Table 2.

Because the four transistors in a module are on the same monolithic chip,

the power dissipation of one transistor will influence not only its own para-

meters but also the parameters of the other three transistors. Measurements

have been made on these effects for the transistor array CA 3046. The

results are shown in Fig. 7 for the base current with a constant emitter

current of 10 mA. Fig 8 gives the corresponding variations of

The typical parameter dependence on the power dissipation in a single

transistor in the array CA 3046 at an emitter current of 10 mA is -0.34

for the base current and -0.375 mV/mW for V- . , . Other transistors on

the same chip are affected by -0.07 (iA/mW for the base current and

-0.20 mV/mW for V - - . Using the above parameter values and the maximum

change in power dissipation according to Table 2 the current variations in

the most significant bits have been calculated. The results are given in

Table 3.

The maximum variation in the output voltage from the 0/A-converter, due

to changes in the power dissipation in the transistors, occurs when the

most significant bit changes from a duty cycle of 1.0 to almost 0.0 while

the other bits are 0. This variation is about 1.25 mV which is about 0.063 #

of full scale output voltage. It is caused mainly by the current divider of
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TABLE 1

Typical dependence on temperature for important transistor parameters.

Parameter

Input Offset Voltage &V
BE

Current Gain h
FE

Collector Cutoff Current I
CEO

Collector Cutoff Current ICBO

Typical Value

3 MV/°C

0.5 <fc/cC

0.5 nAat75 °C

0.07 nAat 75 °C

Instantaneous power

BIT

MSB
i*

6

i f

5

if

4

n

LOGICAL
VALUE

1

0

1

0

1

0

1

0

TABLE 2

dissipation of transistors i

Power
T1

0

32

0

16

0

8

0

4

In a transistor module Fie. 2.

Dissipation (mW) of
T2+ T3

11-22

0

5.5-11

0

2.8-5.5

0

1.4-2.8

0

2ft

27.5

10

13.75

•5

7

2.5

3.5

Transistors:
T4

20

20

10

10

5

5

2.5

2.5

The instantaneous power dissipation of T2 depends on the other bits

logical value.
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TABLE 3

Maximum current changes due

of transistors.

BIT

7

6

5

4

Change i

T2

+4.7

+2.3

+1.2

+0.6

n Base

T3

-3.3

-1.6

-0.8

-0.4

to variations

Current (p/\)

T4

-1.3

-0.G

-0.3

-0.2

of internal

of

power dissipation

Unbalance in

Current Divider (i>\

• 11

• ' . - >

1-0.7

^ . 2
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Fig. 7 Base current change versus power dissipation in transistor T2.
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Fig. 8 The base-to-emitter voltage change against power dissipation

in T3. Power dissipation of T4 is constant.



- 12 -

the most significant bit.

7. TRANSIENT PERFORMANCE

The transient response of the D/A-converter is shown in Fig. 9 - 1 1 .

The converter is driven by two TTL decade counters (7490). A theoretical

analysis of the transient response of the current switching pairs has been

made by means of a computer aided design program SCEPTRE [ 6 1 . The

charge control model of [ 6 ] has been used with parameter values for the

transistor 2N2369, which in this application has the same switching

characteristics as CA 3046. The result from SCEPTRE has been used to

simulate, the D/A converter driven by two decade counters (7490).

Fig 12 shows this simulated response from the converter and should

be compared to Fig. 11. Fig. 13 shows the response from the converter

when driven from an ideal counter with no propagation delay. The worst

case settling time of the converter is less than 40 ns to within 2 mV of the

final value according to Fig. 14.

8. CONCLUSIONS

The following points should be noted with respect to the speed of the converter:

1. The prototype of the D/A-converter was built on a single-sided

printed circuit board of the Veroboard type. This is not very suitable for

circuits with switching times less than 10 ns.

2. The transistors used in the converter have a gain-bandwith product

of onlj 500 MHz.

3. About 2/3 of the total output capacitance of the converter is due to

the collector to substsate capacitance of the transistors. There are

transistors available with gain-bandwith products 2 or 3 times greater

than that of the transistors used - often in packages suitable for hybrid

thick or thin film techniques. It should thus be possible to build en 8-bit

D/A-converter with a settling time considerably less than 40 ns using the

techniques discussed in this paper.
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Fig. 9 Oscilloscope picture of experimental response of the D/A-

converter driven by . / . 100 counter (2 x 7490).
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Fig. 10 Oscllloecope picture of experimental response of the D/A-

converter driven by . / . 10 counter (741)0).
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Fig. 11 Oscilloscope picture of experimental response of the D/A-

converter driven by . /• 10 counter (7490).
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Fig. 12 Computer simulation of the D/A-converter driven from a

. / . 10 counter with internal delays as 7490.
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Fig. 13 Computer simulation of the D/A-converter driven from a . / .

10 counter with no internal delays.
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Fig. 14 Compitter simulation of the D/A-converter settling time.

Transition from state 0000 0000 to 0111 1111 and from

0111 1111. to 1000 0000. . Vertical scale a) 0.25 v/dlv.
t i

b) 0.005 V/div.. Horisontal scale 10ns/div..
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