A D/A converter based on a tramsistor-only R-2R ladder network
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Abstract - A tramsistor-onily IVA converter based on an R-ZR lndder metwork is
presented. This type of converter can be implemented on a2 standard CMOS digital
process and is particulariy adegusate to gate array implementation.

I - Introduction

With the ever mcreasing trend towards digital and mixed analog-digital systems, D/A
and A/D convericrs are indispensable to imeriace the environment with the silicon chap.
Dagital-io-analog converters reguire some type of accurate scaling circuitry in order to
provide an analog output that 1s a scaled version of some voltage or current reference. The
scaling circmitry is commonly accomplished by the use of passive componcents or scaled
transistors aching as current sources [1].

This paper presents 2 simple technigue to implement digital-to-analog converners
(Dh&}mlﬂﬁmmmﬁ:nhﬂhﬁcﬁnfmﬁ]zﬂw@anfﬁ:
conventional R-2R ladder network. This techmigue docs not reguire neither passive
components nor scaled transistors leading to 2 simpie design of 2 compact circuit that can be
realized in a CMOS digital process and, particularly, i 2 gate amay.

I1 - Analysis of Series Connected T ransistors

Assuming the gradual channel approximanon is vahd. the dram curremt 1, of an MOS
transsstor in the node region 1s given [3] by

Ip="TH8(Vc. Vs)—8(Vo. Vo)) 16}

where all voltages are referred to the substrate, emphasizing the symmetry between drain and

source. According to egn (1), two transistors with the same aspect ratio have the same DC
chamactenstics in the mode region.



From =gn (1), the followmng expression 1s deniwved for the dran corrent #n 2 senies
association ( fig 1(a)) of two transsstors [2]:

),

In= —le(Ve.Vs)—e(Ve. Vo)l @
s Rts]

Expression (2) shows that a senies connection of two unii transistors is eguivalent to a
trancistor that is twice longer than a unit transistor. Therefore, the drain current of two senes-
connecied transistors is egual to one half the drain current of a single unit device with the
same bias voltage. In 2 pamalie] connection of two umit transistors it is easy to verify that the
drain current will be twice larger than that of 2 umit transistor. Hence, the paralie]l connection
of two unit transistors 1s cguivalent to 2 transistior whose aspect mTano is 2W/L. The DC
characienistics of 2 unit transistor, two senes-connected and two parslicl-connected umit
transistors are shown i fig 1(b). raufying the result presented in egn. (2).

III - Tramsistor-Only R-2ZR Ladder Network

Omne of the most popular techmigues to implement a D/A converter employs an R-2R
ladder network. contaiming only two resistance values. The objective of the R-2R network is
to provide a binary scale of currents.

The R-2R ladder network can be implemented with transistors performing both the
roles of resistors and switches. Consider, for imnstance, the circuit shown in fig. 2(b), where all
thes metwork. The cumrent entering node 4 s egually sphit In the two wvertical branches
comnmected to it, providing a drvision by two. The current entering node 3 is also divaded m
two cgual currents by the two “eguivalent” branches seen from node 3. Hence, the curmrents
flowing mio the vertical branches produce a binary scale of currents.

Therefore, the well-known R-2R ladder network [1] can be implemented with single

IV - The D/A Converter

In order to validate the method presented here a 4-bit N-channe] discrete prototype has
been built. Fig 2 shows the DAC scheme with inear voltage-to-current and current-to-voltage
converters at the mput and output. The DAC operation is very simpic - 2 current injected at
the mput transistor 1s successively divided by two at medes 1, 2, 3 and 4 The mput word
controls the MOS switches that myect the bmary weighted currents in either the op amp
mverting mput or mn the dump-lne As we can see m fig 2, the switches also act as

components of the scaling circuit, resulting in silicon area savings.



We have decided to operaie the DAC m the mode region 1o take advamtage of the
betier lincarity in the current division [4]. All the gates arce connected al Voo, since the best
precision in current division 1s obtammed at mgh gate voltages [5]. Moreover, the high level for
the CMOS logic 1s Voo

Compensation for thermal drifis could be achieved if the feedback transistor m the V-1
converter and the hmear resistors of the V-1 and I-V converters were included on the chap

V - Experimental Results and Discussion

The static chamactenisuc of the discreic prototype built wath C4007 N-channel
transistors is shown in fig 3 The converner speed will be dictated by the operational amplifier
empioved m the -V convener.

The resolution of this network 1s imited by transistor matching, which s much bener
in a fully imcgrated implementation than n a discrete prototype. &-bit DACs have been
desipned using different layout straicgies and transistor sizes n order to obtamn the desired
matching [5]

The DAC proposed 1n this paper is gomng 10 be implemented in the CMOS process
available in the Brazilhan multiproject chip using different layout strategies.

These technigue results in 2 very compact converter, where the number of transistors
is proportional 1o the number of bits. Morcover, the design of the converters 1s simpile and nt
can be realized m anv dagital CMOS process.
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Fig 1 - (a) senes and parallel-connected transistors

(b) DC charactenistics of unit transistor, senies and paraliel-connected transistors
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Fig. 2 - A 4-bit D/A convener using MOS current dividers

(2) Linear input V-1 converter
(b) Current scaling network
{c) Linear output 1-V converter

Fig 3 - Stanuc charactenstic of the 4-bit discrete prototype
vertical scale 0.1 V/idiv
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