Using Different Weights in DACs
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Summary ponentially with the number of bits — but the converter
In this paper we discuss some properties of differenbecomes less sensitive to typical errors in the analog do-
codes with their respective sets of weights to be used imain, since layout “tricks” can be applied more easily
digital-to-analog converters (DACs). The thermometerf1].
(unratioed) code is widely used instead of a binary cod€eypically, glitches due to timing mismatch, and nonline-
in the most significant bits of a segmented DAC to reducearity due to weight mismatch, become more dominating
errors due to weight and timing mismatch. The binaryif a code has a large spread in weights. For the binary
and thermometer codes are two extremes, where the firstode, weightw, is twice the size of weigt,_, , but for
offers a small digital hardware cost and the latter a largehe thermometer code they would be equal.
cost. We have investigated some of the properties obuye to the large hardware cost for the thermometer code,
these codes and codes with properties in-between; su@@gmentation is normally used where, e.g., khe most
as linear, polynomial, and segmented codes. Some ne¥jgnificant bits (MSBs) are thermometer coded (unra-
ideas and results on using different sets of weights angloed) and theN — M  least significant bits (LSBs) are bi-
how to generate them are presented. We present simulaary coded. We havew, = 2k fok<N-M and

tion results for some low-order polynomial codes. w, = 2N-M for k> N—M and the total number of
weights become& = N-M+2M—-1 | To find a rea-
Keywords DACs, nonlinearity measures, codes sonable trade-off between performance and hardware
cost, optimization algorithms are applied to solve the
1. Introduction problem.

In digital-to-analog converters (DACs) we add a numbern this work, we discuss different codes that end up in-be-

of analog reference levels or weights that are controlled?VE€N Or as variations of, the cases above. We have pre-
by the digital input bits. The input bits select which viously considered a set of linearly increasing weights [2]

weights to add to represent a certain digital input at thénd seen thatit can be modified to yield very good glitch-

analog output. In the memory-less case, a DAC perform{19 properties [3]. For this case, the weights are increas-
the operation ingasw, = 1+k fork =0,1,..., K—1, where the

‘1 number of bits iK =2(N+1/2  wheN s high.
_ - In the following we extend this approach by considering
AlT) = kZOWk tb(nT), D more generalized codes that have weights, |, that are

determined by arbitrary polynoms, e.g.,
wherew, is the weightp, (nT) isthke -thbi(nT) is
the analog output, and  is the number of weights. The =~ _ - K 3
weights{w,} can be chosen arbitrarily as long as we arek = Z 8m ()
able to represent all values &f  between its minimum m=0 _ .
and maximum. Typically, we referto a4  -bit converter OF given by, e.g., a difference equation

when the number of levels that can be represent@fis . k
For theoffset binary codewe use a set of weights given w, = z Ay Wi _m- 4)
by m=1
K-1 _ K-1 In Sec. 2 we discuss some boundaries and requirements
{Widy 2o = {2920 (2) y

on the weights to be used in a DAC. In Sec. 3 we discuss
The most common way to make the circuit less sensitivea generalized polynomial set of weights, and codes gen-
to mismatch errors is to use the thermometer (unratioedgrated with difference equations. In Sec. 4 we discuss the
code for which all weights are equal, e.gy, = 1 , special case of combined DACs and how different set of
whereK = 2N—1 in (1). Thermometer code requires aweights can be used. Some simulation results are given in
large digital encoder — the amount of hardware grows exSec. 5. The work is concluded in Sec. 6.



2. Boundaries and properties 3. Weight sets

To simplify our notation of the weights, we use an or-In this section we describe a generalized weight set for
dered set where DACs that we call olynomialweight set. We also dis-
wWe2w,_, fork = 2., K. ) cuss weight sets generated fromifference equation

Further, we restrict the weights to be positive integerspglynomial weight sets
WL Z, . To be able to represent all values between Q¢ e choose polynomials to describe the strength of the

and2N -1, we also require that weights, we assume that the weights are given by a gen-
k—1 eral expression as
Wksl+mZOWm. (6) W, = ag+a; [K+a,[k2+... (8)

Both requirements are fulfilled by the codes described ifVherea; are characteristic coefficients.

Sec. 1. For the thermometer coded case we get the coeffigignt
Note that some codes are redundant, i.e., different combi® be 1, and all other coefficients are 0. For the linear code
nations of weights can be used to represent the same vagl: We get all coefficients equal to zero, except
ue at the output. This redundancy can, and in most casé® = & = 1, and for the binary code we would have an
should, be used to apply dynamic matching or calibratioi"finite number of coefficients described by
techniques to the DAC [5, 6]. _ (In2)i

Besides the benefit from matching and calibration tech-& ~ it

n?ques, we do alsq motivate this work by noting that theFor example, we may assume a set of weights that is de-
digital technology is expected to scalg fas_te.r than analogcribed by a second-order polynomial

and therefore we can allow a rather high digital hardware
complexity to reduce the sensitivity to typical analog er- W, = a5+ a; [k +a, [k?. (10)
rors in a DAC. Hence, by investigating different codes

il h higher d t freedom in th g ﬁlf we let w, = 2% for the first fewk , all other weights
we will have a higher degree of freedom In the trade-ofl, ; e integer numbers, since they can be written as lin-

between digital complexity and impact of typical analog g, combinations of the inital weights. Note that the
errors in the future. _ _ ~ choice of binary weights ensures that we will be able to
Previously we touched upon the issue that if the weight$epresent all values. Another feasible choice is to let the
of the DAC have a large spread, the converter will beee first weights be 1, 2, and 3. If we choose the first

more sensitive towards mismatch errors. Therefore, Wehree weights to be e.g. 1, 2, and 5, we can obviously not
introduce the variance of the weights as a rough measuigpresent the number 4. With, = 2k fér= 0, 1, 2

on the quality of the chosen weight set. (This measure ig,o get the coefficients, = 1 and, = a, = 1/2

only valid as long as no randomization is applied.) WeHence, the weights in our example are given by
define this variance as
k k2 k(k+1)

K—-1 Wk:]_+§+—2—:]_+ >

1 —
Vi =2 Y (We=w)?, o
K=o which becomew, = 1,2, 4 7, 11 16...

wherew, is the mean value of all weights. For the binary'f We choose the first three weights to be 1, 2, and 3, we
case, this becomes approximatély, = 22N/3N  foréndupwitha, = a; =1 andy, = 0, whichyields the

(9)

(11)

largeN . For the thermometer code it¥, = 0, and for!inear code. _ o .

the linear code, we gat, = 2N-1/3 . A third-order polynomial description gives us the

If we have a 14-bit converter, the variance for the binaryVeights

case will be approximatel)'zsxlo6 , for the linear case w, = a,+a, [k+a, (k2 +ay (k3. (12)

3000, and for a segmented converter with the 6, 7, 8 _ _ .

MSBs unratioed, we get 5000, 600, and 70 In this case we have to set the first four weights according
1 1 L . - - k

These values (roughly) indicates that the binary case ii’_ g% 2 'E;eTh_exponetnggl llglue_swk %h :?r

worse than the thermometer case, and that the linearand =" ™ - This inserted in (12) gives us the coeffi-

clentsa, =1 ,a, =5/6,a, =0, anda; = 1/6 .
The weights becomev, = 1,2 4 8 15 26... . This
approach can be extended to any polynomial order.
However, the polynomial might not describe a convex
function for all initial values, hence in some cases the

segmented codes end up between the two extremes.



weights will diverge and typically the requirement in (5) between the minimum and maximum values:
is not met. The feasibility of the derived coefficients has—(3M -1)/(3-1), ..., (3M-1)/(3-1) . Hence,

to be checked. M
R3:2E%:3M—1. (16)
Difference-equation weight sets

An alternative way to describe the weights is to use a dif.The (combined) range of the binaly  -bit coded DACs
ference equation. A general difference equation would b& 91Ven by

N _
Wi = 8ot aqWy_g @ Wy o+ ..., (13) R, = ZDZZT]?'. (17)

whereto we also add required initial conditions. Then we ing the tw - R . lati
set restrictions on the coefficiengs  to achieve ordere?fotmpam:ﬁ N 8 ranfgeRz - q f)'t ,fgIVE]S L:S areiation
integer weights. We have, e.g., for the binary code that etween the number of required bits for the two cases

(14) 3M+1

W, = 2w, _; andwg = 1. N = Iong andM = logg(2N+1-1) . (18)

For the linear code, we have For largerM and\ we have the approximate result that

Wy = 1w andwg = 1. (15 N=1.58M -1 andM=0.630(N+1) . (19)

It is obvious that the codes from (14) and (15) require-tq represent the same range as a 13-bit binary code, we
ments (5) and (6) are met. An example on a set of weightgeed 9 bits in the ternary code, etc., to the cost of less re-
generated from a difference equation is Fibonacci numgyndancy.

bers, where the weights is determined by the difference

equationw, = Wy _; +W_, . Golomb Ruler

. . . From the ternary code (as well as, e.g., the binary and

4. Weights in combined dual DACs thermometer co{ies) it(can be notic?ad that diffgrent

In [3] and [4] we have discussed how the outputs of twoweights may be used to represent an output value (as also
DACs can be combined in order to improve on the impacwas shown in the previous examples). This will make the
of glitches and finite output impedance. Typically, we code sensitive to timing mismatch between internal
use two DACs and define the total output signal as thewitches associated with different weights. One set of
sum or the difference between between the individualveights that allow us to use only one single weight (from

DAC outputs. each DAC) to generate a code is determined by the marks
on a Golomb ruler [7].
Binary Weights The Golomb ruler is divided into a number of marks. To

If we use binary weight$w, = 2€) in the two DACs we measure a certain unique distance we use two and only
are able to use redundancy, since we can represent ef§/0 unique marks (except for the special-and obvious—
the number 10 by using0 = 12— 2= [8+ 4] —[2] or case of 0). This corresponds to using two unique weights,
10 = 13- 3= [8+ 4+ 1] —[2], etc. The numbers one fromeach DAC, and the difference is the “distance”.
within brackets denote the bit weights used in each DACThis will make each DAC insensitive to internal timing
For this case, we can apply randomization techniques tBismatch between switches.

smooth distortion into noise as described in for exampld-or example, we may use the weights = 6,4, 1  (and

[4]. 0) in each DAC. This set of weights is the marks of one
Golomb ruler. The difference between the DAC outputs
Ternary Weights is given by all combination of pairs of weights between

Another option is to choose a weight set where theeach DAC. Hence

weights are given byv, = 3k ,i.e. 1,3,9,27,etc. This 6= 6-05=6—14=4—0and

will give us a code which is non-redundant. Hence, there5 _ , 12=6-41=1-0 (20)

is only one single subset of weights allowed to represent .

a certain number. So, the only way to represent 10 is tdlore Golomb rulers can be found in [7].

use the combinatiorlO0 = 10— 0= [9+ 1] —[0] . In ] )

this case no randomization can be applied due to lack of 5. Simulated impact on performance
redundancy. We have simulated four DACs in Matlab, where one was

The output range of aM  -bit ternary code used in twosegmented, one was linear-coded, and two were based on
DACs with their outputs subtracted is given by the ranggow-order polynomial codes. In the simulations, the bits



for the different codes are generated with a simple MSB-

. . . . . Max INL
first successive approximation algorithm. ; : : :
. . . — Segmented DAC
To measure the performance the static nonlinearity is in- - - Linear DAC
vestigated, where the differential and integral nonlineari- 2nd order polynom
‘‘‘‘‘ 3rd order polynom

ty (DNL and INL) typically are used. Assuming the same
set of mismatch errors, these measures will be differently
distributed when different codes are applied. In Fig. 1,
the DNL of a segmented 14-bit DAC is plotted as a func-
tion of the number of thermometer-coded most-signifi-
cant bits. The absolute DNL and INL has been averaged
and the stochastic mismatch variation for each elementin
the DAC has a standard deviation of 1%. The plot shows
that the maximum DNL decreases with the number of 0.5
thermometer-coded bits. In Fig. 2 the INL is plotted for 1 P) 3 2 5 6 7 8
the same simulation setup. Number of thermometer coded bits

The same type of simulation has been performed for th%igure 2: Simulated maximum INL vs. number of
other codes. We have investigated the DNL for the lineayratioed bits in a 14-bit DAC.

code and two of the polynomial codes described by (11? ) . )

and (12). We find that the linear code has improved lineJUnd. Ericsson Microelectronics AB, Stockholm, Swe-
arity over other codes, except for the case of a segment&f”'
code with more than 7 unratioed MSBs in the DNL case.
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