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Abstract

This thesis presents a fully integrated self-pre-correction method for current-steering
Digital to Analog Converters (DACs). The method improves the static performance.
It is based on a novel flexible architecture that uses parallel sub-DACs.

The self-pre-correction method uses a self-measurement to determine the INLs of the
sub-DACs. It is not possible to measure the INLs directly because this requires an
ideal reference DAC. Therefore, the DNLs are measured. The INLs are constructed
through the accumulated sum of the DNLs. Knowing the non-linearity of the sub
DACs, an optimal combination for the digital input-word can be found that minimizes
the DAC non-linearity errors. The optimal combination of the sub-DACs is stored for
every code in a look-up table as a pre-processing block. The algorithm is implemented
as a Finite State Machine (FSM), so it can be implemented on-chip in future works.

This thesis contains two main parts. The first main part starts with the introduction of
D/A conversion specifications. A parallel DAC architecture with flexibility of the
performance is introduced. The parallel DAC architecture is designed with fixed
building blocks. These building blocks can be controlled and connected in such a way
that they form one or multiple DACs. The combinations change the properties of the
D/A conversion. Therefore, one D/A converter-chip can be used for a broad range of
applications.

The second main part presents a method to improve the static linearity. The parallel
DAC architecture of the first part is used. The linearity can be improved by reducing
the effect of the device mismatch errors. The input-code is distributed in an optimized
way to the multiple sub-DACs, so that the errors due to transistor mismatch is
reduced. All required extra resources are discussed in detail. Transistor level
simulations of the most critical parts are performed. A design with four lO-bit DACs
with built-in self-measurement and self-correction is presented. Also the on-chip
implementation of the parallel architecture in a FPGA is discussed.
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List of abbreviations

DAC
DNL
FPGA
INL
LSB
MSB
SFDR
SN(D)R
a.o.
e.g.

Digital to Analog Converter
Differential Non-Linearity
Field Programmable Gate Array
Integral Non-Linearity
Least Significant Bit
Most Significant Bit
Spurious Free Dynamic Range
Signal-to-Noise-(and Distortion)-Ratio
amongst others
exempli gratia, "for example"

List of symbols

C
F
Ij

k
kT
L
N
M

Number of Combinations
Full scale (2N

)

Output current of source j
Input code (of one sub-DAC)
Input code of the total digital range
Length of the transistor channel
Resolution of the D/A converter
Number of sub-DACs
Unit-element
Offset voltage
Threshold voltage
Width for the transistor channel
Standard deviation of random variable u
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1 Introduction

This chapter introduces the master project. The chapter gives background, defines the
project goal and gives an overview ofthe thesis.

1. 1 Project Background

The majority of the modem technologies like telecommunication, computers and
video processing applications are digital. Examples are: digital video encoding, 256
QAM transmissions, closed-loop control systems, etc. Digital to Analog Converters
(DACs) convert the digital signals into analog signals. Each application has its own
purpose and specifications for the DAC, e.g.

• Resolution,
• Accuracy,
• Speed,
• Power,
• Chip area.

These are important properties of the DACs. Nowadays, it is necessary to use
different DACs for applications with different properties.

1.2 Project Goal

The aim of the project is to introduce flexibility in the D/A conversion. As a result of
this the end-user can use one DAC for a broad range of applications. The basic idea
behind flexibility is to design a DAC architecture with fixed building blocks. These
building blocks can be controlled and connected in such a way that they form one or
multiple DACs. The combinations change the properties of the D/A conversion.

r------------------------

Digital
Code

DAC

Mode
Figure 1.1 Parallel DAC Architecture
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steps are the same size and the transfer curve is linear [Jespers 2001]. The ideal
current step is

(Eq 2.1)

, where hSB is the ideal/average current difference with one code step, lout[O] is the
analog output value at code 0, lout[2N-1] is the analog output value at full-range, N is
the number of digital input bits.

In current-steering DACs there are multiple unit-elements that are designed nominally
identical. However in reality they are different and this mismatch error depends
mainly on the area of the current source transistor. When the sizes of the current
sources increase, the mismatch errors decrease [Pelgrom 89, Bastos 1998].

This mismatch error in the current sources causes the steps to be different. The
Differential Non-Linearity (DNL) is the deviation between the ideal and the actual
step and is expressed in LSB.
The DNLk is the step (DNL) error between two following codes

DNL
k

= lout [k -1] - lou! [k] -1
I LSB

(Eq 2.2)

, where k being the code (k, E 1, ..., (2N_I)), "lout[k-1] - lout [k]" is the actual analog
current step and hSB the ideal current step.

The transfer characteristic is monotonic when the analog output increases with every
step of the digital input. When the DNLk is negative and larger than 1 LSB the
transfer characteristic is non-monotonic. For example, this may cause serious
problems when a converter is used in a closed feedback loop [Jespers 2001].
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Figure 2.2 Digital to Analog transfer characteristic
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The INL is zero at the beginning and the end of the transfer curve (see Equation 2.1
and Figure 2.5) and has a symmetrical behaviour. Therefore, the highest probability of
maximal INL error of a DAC can be expected at half-scale, [Bastos 1998, Bosch
2001]. With an N-bit converter this is at code 2N

-
1
• The variance of the DAC at half

scale is the sum of the variances ((J}) of the combined unit-elements.

2 = (2N -1 -1) • 2
(j'midscale (j'u

, with N being the DAC resolution.

(Eq 2.7)

Note that this theory is not exactly true. When most mismatch errors are positive or
negative then the average changes (caused by gain error). This is a linear error and
therefore, the mismatch error 01 becomes smaller. However it is a formula that is
easy to use and because of this we use it as a representation of the mismatch error.

The standard deviation of the (2N
-
1-l) unit-elements is

(j'midscale = -J2N-I -1 • (j'u

Normalizing this to 1 LSB =I u

(j'midscale = -J2N -I -1 • (j'u

I u I u

At mid-scale we can model the random process with Equation 2.9 and

(Eq 2.8)

(Eq 2.9)

(Eq 2.10)

The maximal mismatch error at midscale includes 99.73% of the errors at 3(J.

Cmidscale =3 ...)2 N
-
1 -1. au LSB

I
(Eq 2.1l)

, with cmidscale as the maximal mismatch error at midscale.

cmidscale can be seen as the representation of INL (and the gain error, see note Equation

2.7). This region with 99.73% of all mismatch errors is called the 3(J confidence level.
When the area of the designed current source is increased, the (J becomes smaller.
This principle is used with intrinsically accurate current sources.

2.3 Dynamic Performance

The dynamic performance describes the quality of the D/A conversion for dynamic
signals. This includes a.o.

• Settling times,
• Glitches,
• Charge feed-through,
• Quantization noise.
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(Eq 2.15)

2.4 DAC architectures

The digital input word is transfonned by a DAC into an analog output value, shown in
Figure 2.2. In theory the current-steering DAC has an array of nominally identically
designed unit-elements. These unit-elements are grouped according to the weight of
the digital input code. The number of unit-elements is almost equal to the number of
digital input codes. The digital input-code is binary and the number of unit-elements
IS

Nr - 2N -lelements -

, with Nrelements being the number of unit-elements, N being the resolution of the DAC.
The minus one in the equation is because 2N_l elements can create 2N codes.
E.g. one unit-element can be switch on (1) or off (0) and can create two values.

2.4.1 Binary DAC architecture

For a single ended binary architecture the unit elements are grouped to N current
sources, shown in Figure 2.7. The N switches can add the currents together to create
the output current. The least significant input bit only switches one unit-element
(shown in Figure 2.7, switch BO) and every next bit controls a group that is twice as
large as the previous group. The current of group unit elements switched by bitj is

I. = 2 j e I .} umt (Eq 2.16)

, with I unit being the current of one unit element.
The output value lout is the combination of the switched groups. The fonnula is

N-l

lout=luniteL2jeBj (Eq2.17)
j=O

, with N being the number of input bits, j the bit number and Bj being the l bit of the
digital input word with value 1 or 0 (high or low).

The maximum output current is the current from all unit-elements together. The
fonnula is

N-l

lout_Max =lunit • I2} =lunit • (20 +.... +2N
-

1)= lunit • (2
N

-1)
}=o

(Eq 2.18)
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2.4.4 Area resources

An array of unit-elements can be used for different architectures. The number and size
remain the same and only the manner they are grouped is different. However some
architectures require more silicon area for the extra switches, latches, decoders and
wires. The array of unit-elements is the analog-part. The others are in the digital and
mixed-signal part of the DAC, shown in Figure 1.1.

Figure 2ol1 shows an example of a micrograph of a DAC chip [Doris 2005].
The current sources in this design require a large chip area. A design with a method
that reduces the effect of the mismatch errors, requires a smaller area for the current
sources. However, it does require area for the extra resources, e.g. CalDACs, latches
and switches, see Appendix C.

Figure 2.11 A micrograph of a DAC chip.
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2.5 Brief literature investigation

The presented work is focused on the design ofa high (static linearity) performance
current-steering D/A converter architecture. Other new technologies have already
been investigated and designed by other authors. This section presents a selection of
these papers about current-steering DACs.

The following papers are examples of state-of-the-art DACs with different techniques
to reduce the non-linearity effects. The examples are representative for state-of-the-art
chip designs.

The paper of [Chan 2006] describes a 14-bit DAC design, constructed with two
binary 12-bit DACs. The sampling frequency is 100 Ms/s. The DAC is designed for a
0.18Ilm, 1.8V CMOS process and occupies 3.18 mm2 of active silicon area. The
power consumption is 54 mW for the analog part and 96.3 mW for the digital part.
The two DACs are used for Dynamic Element Matching (DEM) and not for
flexibility. The pseudo random distribution of the input code to the sub-DACs does
not require memory. Randomising the combined output code causes it to become
uncorrelated. Thereby, it avoids harmonic distortion. The SFDR was improved from
52.4 dB to 76.2 dB.

The paper of [Deveugele 2006] describes a lO-bit DAC design with method for
reducing the segmentation. The sampling rate is 250 MS/s The DAC is designed in
0.18Ilm, 1.8V CMOS and the active silicon area is less than 0.35 mm2

• The power
consumption is 22mW. The INL and DNL are below 0.1 LSB.

The paper of [Hyde 2003] describes a 14-bit DAC design with calibration and has a
[59] segmentation. The sampling rate is 300 MS/s. The DAC is designed in 0.25 and
0.181lm 1.8V CMOS logic processes and occupies 0.44 mm2 of active silicon area.
The power consumption is 53 mW. The calibration uses on-chip electrical trimming.
The INL is 0.3 LSB and the DNL is 0.4 LSB.

The paper of [O'sullivan 2004] describes a 12-bit DAC design with [5LSB-7MSB]
segmentation. The sampling rate is 320 MS/s. The DAC is designed in 0.18Ilm, 1.8V
CMOS processes and occupies 0.44 mm2 of active silicon area. The power
consumption is 82 mW. The INL is 0.4 LSB and the DNL is 0.3 LSB.
The increased switching noise associated with a high degree of segmentation has been
reduced by a new latch architecture.

The paper of [Schofield 2003] describes a 16-bit DAC design with segmentation and
calibration. The segmentation is [7 MSB, 4 ISB and 5 LSB]. The LSB are binary, the
ISB (Inter Mediate Bits) use 15 groups of 32 unit-elements and the MSB use 127
groups of 512 unit-elements. The sampling rate is 400 MS/s and the DAC is designed
in 0.25Ilm, 3.312.5V CMOS. The power consumption is 400 mW. The active area is
1.95mm2 The INL is 0.7 LSB and DNL 0.3 LSB with 16 bit resolution.
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Table 2.1 shows the key-features of the converters, such as resolution, INLlDNL,
power and area.

Reference N INL DNL Samp. freq. Power Area

[bit] [LSB] [LSB] [MS/s] [mW] [mm2]

Chan 2006 14 100 150.3 3.18

Deveugle 2006 10 0.1 0.1 250 22 0.35

Hyde 2003 14 0.3 0.4 300 53 0.44

O'sullivan 2004 12 0.4 0.3 320 82 0.44

Schofield 2003 16 0.7 0.3 400 400 1.95
Table 2.1 State-of-the-art DAC summary

2.6 Generalized mapping

A technique to reduce the effect of non-linearity is discussed in [Doris 2004]. The
method uses generalized mapping of the unit elements. The DAC uses current sources
with the same weight, like the thermometer architecture, shown in Figure 2.12a. The
current sources can be controlled separately in the digital domain. Therefore, there is
redundancy in combinations of current sources for each output. Information about the
errors of each current source is required. Selecting the current-sources in a specific
way (mapping) creates an output current with a minimal error.

The linearity improvement method of Chapter 4 has redundancy in the code
distribution to the sub-DACs. This method uses the code combinations of the sub
DACs that provide an output with a minimal error. The method does not require a full
control of each current source. The weights of the current sources do not have to be
the same because it uses groups instead of separate current sources. Therefore, also
other (sub) DAC architectures can be used. For example, the sub-DACs have a binary
architecture, shown in Figure 2.12d.
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3.1 Operation modes

The end-user can select an operation (op) mode for the required DAC specification.
The three main goals of specific op-modes are

• Independent converters,
• Improving the static performance, such as

o Resolution,
o Linearity,

• Improving the dynamic performance.

3.1.1 Multiple independent converters

One of the op-modes is to use the sub-DACs as independent converters. The outputs
of the DACs are not connected to each other. This op-mode allows the user to use
multiple DACs at once for different applications. For example, to supply the (red
green-blue) outputs for video decoding. However the parameters ofthese DACs are
not improved. Each sub-DAC requires an N-bit input.

3.1.2 Resolution improvement

The operation mode to improve the resolution, "stacks" the sub-DACs. The output
currents of the sub-DACs are added together and since the multiple sub-DACs have
more unit-elements, the resolution is increased. The architecture works as a pseudo
segmented architecture. The first sub-DAC converts the first 2N codes and the second
sub-DAC the codes from 2N+1 to 2N

+
1
, etc. The sub-DACs are stacked by the control

part. The output currents are added together. The DNLmax of the combined DAC has
same size as the maximal DNLmax of the separate DACs. Therefore, the differential
linearity is not improved. The resolution of the combined DAC, with M N-bit sub
DACs, is

R = N + log2(M) (Eq 3.1)

, with R being the resolution in bits, N being the resolution of each sub-DAC and M
being the number of sub-DACs.

3.1.3 Linearity improvement

The operation mode to achieve a higher linearity uses a pre-correction method. The
current-sources have deviations caused by the mismatch errors. When these are
known, they can be used to reduce the non-linearity in the output. Improving the
linearity can be achieved by distributing the digital input code to the sub-DACs in an
optimized way. This method uses the deviations (mismatch errors) of each output to
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reduce/cancel each other in the combined output current. When the mismatch errors
are known, an algorithm can calculate the optimal combination of the sub-DACs for
each input code. This combination of the sub-DAC is stored for each code. When the
DAC receives an input code, the algorithm retrieves the combination from the
memory and sends those to the sub-DACs.
This op-mode also has a higher resolution because of the combination of sub-DACs.

The linearity improvement is the main operation mode of this thesis.

3.1.4 Other operation modes

There are other possible operation modes that are not explored in the master project.
Examples of these op-modes are

• Improving the dynamic performance by
o Cancelling harmonics,

by phase-shifting the input for the sub-DACs [Mensink 2004],
o Cancelling the image band,

This by time interleaving the input for the sub-DACs
[Deveugele 2003],

o Reducing the effect of glitches [Deveugele 2006]
• Reducing the power consumption,

by switching off un used digital resources and sub-DACs.
• Using multiple op-modes at the same time.

There are no restrictions for the number of sub-DACs in the parallel architecture. It is
possible that the architecture operates with multiple op-modes at the same time. For
example (M-3) sub-DACs are used for an improved linearity, two being a separate
DAC and one switched off.
When the sub-DACs work together in a conventional way, the maximal output current
is higher than when they are used separately. When it is required that the maximal
output current is limited, then the output currents of each sub-DAC have to be
reduced, see Chapter 6.
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4 Linearity improvement

This chapter concentrates on the linearization operation mode. The proposed method
reduces the negative effect ofmismatch errors on the output value. This is achieved
through distributing the input digital word among the sub-DACs in an optimized way.

The method improves the linearity by an explicit reordering of the mismatch errors.
The unit-elements are grouped as a pseudo-segmentation into sub-DACs. Two groups
of unit-elements with opposite mismatch errors are combined into one larger group.
The combined mismatch error of this group is smaller than those of each separate
group. The output errors of the sub-DACs are required to be known before they can
be used to compensate each other.

4. 1 Transfer characteristics of the sub-DACs

Before the linearity can be improved, the non-linearity of the sub-DAC transfer
characteristics has to be known. Figure 4.1 shows an example of four sub-DAC
transfer characteristics. These are the sub-DACs A, B, C, D and the ideal curve of a
parallel DAC architecture. The sub-DACs will work together in this op-mode.
Therefore, the ideal characteristic is drawn between the average of the minimal and
the maximal output currents of the sub-DACs. The difference between the maximal
outputs is caused by the mismatch errors. The differential transfer characteristic is
shown in Appendix C.

The deviation from the ideal curve is shown in Figure 4.2. In Chapter 2, the gain error
caused by the mismatch errors was removed from the INL, see Equation 2.1 and 2.3.
Therefore, the INLk was zero at the beginning and end of the scale. However, with
this op-mode the sub-DACs work together and the gain is different for each sub-DAC.
Therefore, it is a part of the non-linearity and will affect output deviation of the
combined DACs.
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4.2 Finding the optimal combinations

The optimal combination of the sub-DAC outputs construct a combined-output with
the minimal error compared to the ideal output. The (combined) DAC is constructed
with the outputs of the sub-DACs. With a single DAC there is only one output
combination for each input code. When two DACs are used, the number of output
combinations is increased. Except at the beginning and end of the code-range, where
all sub-DACs are fully off or on. For example, two sub-DACs are used. The analog
output value is the sum of the two sub-DAC outputs. The formulas for the input and
output values are

k T = k 1 +k2

10utT(kT ) = lout subDACl (k1) + lout_subDAc2 (k2 )
(Eq 4.1)

, with the input code kT being the sum of the sub-DACs codes k1 and k2 (kl, k2 E 0, ... ,
(2N-l)), 10utT the output of the combined DAC and lout subDAC1 and 2 the sub-DAC
outputs.

Table 4.1 shows the combinations of k1 and k2, to construct the analog output
corresponding to the digital code kT with two parallel 8-bit sub-DACs.

Input (kT) Combinations to distribute the codes CkT

0 0+0 1

1 0+1, 1+0 2

2 0+2,1+1,2+0 3
3 0+3,1+2,2+1,3+0 4
-

254 0+254, 1+253, ---, 253+1, 254+0 255
0+255,1+254, --------, 254+1,

255 255+0 256
256 1+255, 2+254, ---, 254+2, 255+1 255
-

508 253+255,254+254,255+253 3
509 254+255,255+254 2
510 255+255 1
511 - 0

Table 4.1. CombmatlOns with two 8-bl1 sub-DACs.

CkT is the number of combinations in which way the codes can be distributed to the
sub-DACs. Note that for every extra sub-DAC one input code will be lost. This is
because every sub-DAC has 2N codes and only 2N_l unit-elements. With two sub
DACs, 2e (2N -1) unit-elements and it has only 2N+1 -1 codes.

The number of input codes for the combined DAC with M N-bit sub-DACs is:

Codes;n =M. 2 N
- (M -1) (Eq 4.2)

, with COdeSin being the number of input codes, M the number of sub-DACs and N
the resolution.
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The number of combinations for each code, increases to half-scale and then decreases
again. Figure 4.4 shows the number of combinations for each code with 2, 3 and 4
sub-DACs. In this example, the combined DAC has a 9-bit resolution and has 255
unit-elements. The unit-elements are divided by the M sub-DACs.

With each extra sub-DAC the number of combinations increases. At midscale with
two sub-DACs there are "only" 256 combinations, shown in Figure 4.4a and Table
4.1. With three sub-DACs (4.4b) there are over 20.000 and with four sub-DACs there
are over 1.4 million combinations (4.4c) for each code.

The total number of possible combinations for all codes with M sub-DACs is

MoN-(M-l)

CM = I CkT = (2 N
)M = 2

MoN

k=O

(Eq 4.4)

, with CM being the total number of combinations, kT being a code on the total
(combined) range, CkT the number of combinations at code kT, M the number of sub
DACs and N the resolution.

To construct the combined DAC transfer characteristic two sub-DACs have 22N

combinations to choose from, for 2N
+

1_l codes (see Equations 4.2 and 4.4).
When for each code the combination with the best linearity is selected, the INLk(the
INL error for code k) is equal or smaller than with a random/fixed combination.
With each additional sub-DAC the number of combinations, and hence the chance to
find a better one increases, shown in Figure 4.4b and 4.4c. The total number of
combinations for 3 and 4 N-bit sub-DACs are 23N and 24N (Equation 4.3) and there are
only 3·2N-2 and 4·2N-3 codes to construct (Equation 4.1).

Note that the INL improvement will be less at the ends of the transfer characteristic,
because there the number of possible combinations is smaller. At half-scale there are
the most possible combinations and hence the possibility to create one for a better
linearity is higher.

The best combined transfer characteristic can be constructed by using the INLkof the
sub-DACs to find the minimal INLkT. The best overall INL will be constructed when
all the minimal INLkTS are found. To find the minimal INLkT all combinations of the
sub-INLks must be evaluated. Every time it finds an INLkT that is smaller than the
INLkT stored in the memory (at code kT), the stored INLkT will be replaced with the
new INLkT. For this code kTalso the sub-codes for the sub-DACs will be stored in the
memory as a look-up-table.
The distributed sub-codes are combined the digital input-code. For example with four
sub-DACs

(Eq 4.5)

, with kTbeing the digital input code and k1, k2, k3 and k4 being the input codes of the
sub-DACs.
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The INL kT of thecombinedcodeis thesumof the INLs andgainof the sub-DACs

INLkT = INLgkl + INLgk2 + INLgk3 + INLgk4 (Eq 4.6)

, with INLkT beingtheINL of theoverallanalogoutputandINLgkl-k4 beingtheINL
andthegain-errorof the sub-DACs.

Thedifferent linearity with a fixed andflexible architectureareshownin Figures4.5
to 4.8. To showthe improvement,700Monte-Carlosimulationsaredrawnin one
figure. For eachsimulationa DAC is constructedwith M sub-DACs.In Figures4.5
and4.8, thefirst figure (a) hasa fixed control for the sub-DACs,i.e. thedistribution
of thedigital codesis not optimizedfor improvedlinearity. The sub-DACsare
stacked.The simulationsarecreatedwith threedifferentsub-DACarchitectures,the
thermometer,binaryandsegmented(50% segmentation)architecture.
Like in thenormalDACs, thehigheststatisticalpossibilityof locatingINL max is at
mid-scale.The secondfigure (b) showsthe INL of the sameDAC but with full
flexibility in thecontrol-partandlinearity optimizationthroughchoosingthe best
codecombinationto generateanassmall INL erroraspossible.Becausethe INL kT
errorsbecomesmallerwith multiple sub-DACs,the samefigure is zoomedin and
placedat thebottom(c).

To improvethe linearity of the D/A transfercharacteristic,the transfercharacteristics
of the sub-DACsareacquired.Thebestcombinationsof INLks canreducethe
nonlineareffectcausedby the mismatch.This will improvetheoverall INL, asshown
in theexamplewith two sub-DACsin Figure4.5.

INl, best combination
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INl, best combinalion(zoomed

0.6
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Figure4.5 INL improvementwith two sub-DACs

a)

b)

c)
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