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Real reconstruction filters

Reconstruction
Digital Analog
Input Sampla R " Output X X .
% Plliciocecnd } 1 ‘ 2 Hod e « Areal reconstruction filter is an
approximation of the ideal reconstruction
b) response, given by eq. 1.39.
* Many commercial DACs provide output in
1—e—sT _ sampled data form (no reconstruction)
Hsen(s) = J (1.39) A reconstruction filter removes frequencies

higher than the Nyquist limit. (Still
where 7 is a suitable gain factor whose dimension is time for making H gg. harmonics of low frequency Signals and the
dimensionless. H : H
Equation (1.39) on the ju axis becomes |ntermodu|§tlon pl'OdUCtS Comlng_ from
; i multi-tone inputs produce spurs inside the
Hepn(juw) = jge T J—r_ (1.40) first Nqust Zone_)
showing a phase shift proportional to w and an amplitude attenuation propor- © Other DACs have an Output prOViding a
tomal o the sine { =xinfx ) lunction. continous time Signal with a BW within the
’ first Nyquist zone.

Ideal Reconstruction Filter
» For example, both the input and the output

oese for audio equipment is sampled at 44.1
sin(wT/2) I=1T X X

\_— T kHz. Both audio filters block as much as

\ - possible above 22 kHz and pass as much
- — — [ as possible below 20 kHz. Typically both

g e 2, A o, o, filters are active op-amp filters, with exactly
the same selection of resistors and
Figure .27, Amplitude response of the ideal and real sample-and-hold. capacitors.

Matching of passive components (R, Gy,
within 0.1 to 0.02 % possible &

. . B
Gain or attenuation of referen

Careful layout (inter digitized ,
common centroid, dummy
elements, equalization of resistive
metal contacts) leads to matching
accuracies within 0.02 % to 0.1 %
without trimming or digital
correction (60 dB to 70 dB
resolution)
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Figure 18.35




DACs, CMOS switches and OTAs
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switch if its driving voltage is in the
subthreshold region, and low
resistance (on-switch) if its driving
voltage well exceeds the threshold
and Vg is small.

Design of switches and their control
is an important part of the data
converter design because it is
important to obtain low on-resistance,
high speed of switching and
minimum side effects (clock
feedthrough, charge injection).

OTA performance crucial for meeting
DAC specifications

UMTS-Boom in Deutschland

Angaben in M. gyunn LIMTS-Anschiisse
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from a computer or a DVD.
HDTV: (plasma) requires above 11
bits. 12-bits and 150 MSPS often
required

UMTS, CDMA2000, GSM/EDGE;
200 MSPS 12 — 16 bit can be

necessary.

DACs may replace potentiometers in
analogue signal processors.

Audio; 16-bit (or more), 44 kSpS




Figure 3.2.

Equivalent model of external references: (a) voltage and (b) current.

Remember

The noise of reference gen-

erators must be lower than
the expected quantization
noise floor. The request be-
comes very challenging for
resolutions above 14-bit.

The dynamic range is established by
the voltage (or current) reference
which can be generated inside the
chip or via an external pin.

High accuracy is needed as errors
affect the overall performance.
Constant, independent of load
changes, temperature, supply
voltage, time

Static errors may lead to gain errors.
Dynamic errors are worse, and may
affect SNR and speed.

3 main types of converters
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(3.18)

Resistor based
architectures

Capacitor based
architectures

Current source based
architectures




Resistor based architectures (ch. 3. 3%

* Resistive divider.
* The digital potentiometer
 R-2R resistive ladder

« Q/o-kQ/o
* Matching errors cause gain errors and
sometimes harmonic distortion

*  When ratio between resistors is an integer
number, use unity elements to construct the
various elements by series connections.

e Dummy structures for improved matching

ft = PD(L/Wr)eff +2- Reont-

B a £ - O -
- o 5 I_]
Figu h L'W=6. () T hed h rat

DAG
Fagister

Controd
Lage

Digrtad Input

Figure 3.3,

Typical architecture of a resistive divider DAC,

4
A

A resistive string connected accross the
positive and negative reference obtain
multiple voltages whose digitally controlled
selection realizes a very simple DAC.

Fig. 3.4 a); 3-bit divider made of 23 equal
resistors.

The selected voltage (simples method
shown in Fig. 3 b) )is used as the input of a
buffer (high input impedance, low output
impedance)

Switch on resistances and the parasitic
capacitances can impede the fast operation
of a DAC.

Fig. 3.5 : typical architecture. Power on
reset for zero outputvoltage at power-on.
Serial interface may be used for input data.
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X-Y Selection (ch. 3.3.2)
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Figure 3.6, Resistive DAC with X-Y addressing scheme.
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Fig. 3.6: 256 unity resistances divide
into 16 lines.

Avoids the excessive growth of switches
with number of bits as the resistive
divider architecture (needing 510
switches and 256 logic signals driving the
switches for an 8-bit DAC).

Decoding signals are 2 -2"2 instead of 2".
(8 bit: 32 instead of 256.)

The layout is compact and minimizes the
grading error

The time constant of the RC network between
resistive divider and buffer is doubled (2
switches instead of one).

Figure 18 Response of a unity gain buffer with finite slew-rate and handwidih,

Observation

A code dependent settfing
of the output voliage causes
distortion.  High SFDA re-
quies low reskstancas al ov-
ery node. The variation of
the seiing time must be
much smaller than the hald
petiod.

The RC network and the buffer detelr’cclﬁme
the time from a change in input code to
the step change on the output has

settled.

The response is fastest if the beginning
or end of the resistive string are selected
and slower in the middle range.

A reconstruction filter filter out spurs at
frequencies higher than the Nyquist limit.

Harmonics of low frequency signals and
intermodulation products produce spurs
inside the first Nyquist zone. Thus, a spur
free output spectrum requires a settling
time well below the D/A conversion
period (= low unity resistance).

The buffer must also be fast enough
(limited by SR and gain bandwidth
product).




Segmented architectures cn.ss4

+ Obtains a higher resolution by
} combining the operation of two or more
% e DACs together.

* Fig. 3.10 a): Ryy-Ryg obtain a 3 bit

t coarse division, and R ;; — R s, i=1...8.
bl » Switches select one of the coarse

' intervals.

_ : » The offset of the buffers must match

below one LSB.

» The input impedance of the input buffer
needs to be high and the output
reistance must be much less than the
total resistance of the LSB divider.

* Fig. 3.10 b): Two current generators
inject and drain the same current
(setting the current in the connections
between the two DACs to zero.)

Effect of the mismatch (ch. 3.3.5) &&=

Ri= Ru(l+¢€a)-(1+¢€:), (3.9)

)
i ey

The il esiaine o * Global error and local fluctuations o
Riim ol +-4 -}y fom o 2751 parameters
p T e = The error depends on accumulation of
Fourp U mismatches and is zero at the two ends
h). Rocal oy e of the string.
e Problematic when errors are correlated
and accumulate to a large INL.
* Fig.3.11: 8-bit DAC with 4AX =+/-10*
* (AX s the spacing between unity elements.)
(curves a) and b)) Max INL+0.8 LSB.
» Fig. 3.11 c) has a resistive divider folded
around it’s midpoint, where the INL becomes
zero. The max INL is reduced to Ya.

which is parabolic with injtia
INE i Vil PR |
AN =107 fewrves (a) i

* Better results are obtained with multiple
folding and suitably designed layouts.




order by a gradient) and random errors in

resistor values. ( Picture left from
http://scsong.wordpress.com/2009/10/13/intels-32-nm-clarkdale-shows-

many-changes/ )
Monte Carlo simulations to see variance.

Local fluctuations are unpredictible and cannot
be (fully) compensated for with layout
strategies.

Effects of systematic errors cannot be
completely cancelled, so that the global
accuracy can end up being inadequate for the
application at hand.

Possible solution: Trimming (laser adjustment)
or electronic calibration of (thin film) resistors.

Or fuses and anti-fuses. (Fig. From
www.eng.yale.edu/elab/eeng427/lectures/EENG427|06alayout.pdf )
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{a) Voltage mode R-2R ladder network, (b) R-2R current mode ladder networks

to 3n.
Ex. 8 bit: 24 resistors instead of 256

» Combines a set of signals that are related
in a binary weighted fashion

* The output variable could be a voltage or
a current.

*  Output from R-2R in the voltage mode:

IS L TR _""'-IJ.: + ‘_‘,' L vy,

Vitag

5 Un 1
2 I

Vo (3.14)

which is the PAC conversion of a digital input {5,y by, 2, byt

The "Kelvin divider” is intrinsically
monotonic — not the R-2R.




R-2R Resistor Ladder DAC

RO e ge th Shrwctuae — N = €

L
| There 4 i‘ g JT__
R- 4 'C.? | 1 \_If'l Re 5 - .
:_1 e :F. 2 : N e R i
! ekt
.[_ iR
[2 "I {
. The R 1 A reby
¥ R rfLea { welt
i i | g
Rec=0F 4 {
Current-mode R-2R 339
.8 00 N Y M- * The current-mode R-2R ladder
T 2ox Zon Faw Em Bon o 3o H
D S S A G R .- network is converted to a voltage
"Nt ooy oy 1] s with an operational amplifier.
= S .
" s e Only two resistance values >
" good matching
o= "0 B e e e Impedance at virtual ground s
code dependent - code
dependent amplification of the
':I :J—‘Z_.il;r“":'l'l:r—::::-'T:.:i-l;f--'m-'l-l;r 'T'—'l:—| Op'amp Oﬁset and |tS |OW
J J 1 7] frequency noise.
4t l * For medium accuracy the
‘ ' : S { resistors may be replaced by
v MOS transistors, saving area.
Figare 320, R-2R architecture with MOS wransistors replacing the resistors
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Dac

oara |
NPuT |

DaG |
output | [\

TN
Phases

TaH
Output
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Ideally a DAC should change from
one value to its new one

Non-synchronous switching in the R-
2R network produces glitches that
can cause non-linearity, harmonic
distortion and wasted energy. (main
source of glitches)

Deglitching may be done by T/H
(=S/H) after the DAC.

A

Figure 3.25.  Deglitch circuit and possible voltages. Modify some or a” Of the digital WOFd
N s b from binary to thermometer code

S 2:: zmz: (most popular)

2 010 0000011 Exact matching in time (difficult)

. 5 i Reducing the bandwidth by placing C
s 101 0014111 accross Rfeedback.

[ 110 0111111

T 111 1111111

Capacitor based architectures (cn.3.4)s”

- K6 - _|._ L_i_"'r = J|_ 73 *:.n,l:i._.._, . . NG
- ~ TT7TT7 The series of two capacitors,

initially discharged between
Vs and ground yields Vg,
given by eq. 3.18.

The capacitors used are
multiples of a unity element.

Capacitors made from poly-
oxide-poly or Metal-Insulator-
Metal, MIM.

Fingers of metal and vias;
MMCC

11
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Hybrid Capacitive-Resistive DACS (. 3«
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Figiere 331 Hybnid architectare nade by a Kelvin divider followed by a flip-aroand MDAC

Keep in Mind

Any capacitor-based archi-
tecture requires a reset phase
to make sure that the array is
initially discharged. Since the
output voltage is not valid dur-
ing the reset, a track and hold
sustains the output.

[
[
5

lz{"; %

DACs may be combined
to give hybrid solutions.

Resistive DAC for coarse
conversion and capacitive
DAC for the fine
conversion.

12



Current source based architectures (chl

o ©©Q¢ ¢¢©

Binary weighted current
sources

Output current may be dumped
through a resistor

Simple or cascode current
mirrors may be used for unity
current sources

Mismatch in the saturation
current, |, is a source of error
Ip = (3 (Vys — Via)? (3.29)
Al/l halves if the gate area
increases by a factor 4.

i:‘ Golumn Decoder .
3 256
[
s
z
3 & Outs
s 13 2 e 2% —— o
IRl L cols ————
i M ae Out
Input s [
N,
+
1(2]a]a[5]8]7]8
— -, /
70
Phases
Clodk Generalor
Figure 3.38.  8-bit DAC with thermometric selection of current cells. .

The unity current sources are often
arranged in a two-dimensional array
whose optimum shape is a square with
2"2 lines and columns if the number of
bits n is even.

The simplest thermometric selection is
sequential by lines and columns starting
from one corner of the array. Fig 3.38
shows the block diag. Of a possible 8-bit
DAC with 70 selected cells corresponding
to the input code 01000110. A possible
grading error in x and y directions causes
INL.

Using a more complex selection
technique reduces the INL. ...

13



» DO000000 “’
! L Blc
s LIDIOIOIOO [C[E] | Sewr | secw
e o i)
: H EEED ;HOEE
i oooeloin
IO MOEN . OG0
T EIEFE ™ EEE
Figaure 339, (2) Line and column shuffling. (b} Use of mubtiple cusrent references for
mizing the threshold mismasch. (e) Random walk selection of unity eells

Current sources selection (212) (ch. 3.5.4%%2%

mini

5
|.E|-. ,.l'f

Using a more complex selection
technique reduces the INL. ...; shuffling
lines and columns to randomize the
mismatches and keep the accumulated
error low (Figure 3.39 a).

The Q2 Random Walk method has given
excellent linearity for 12-bit resolution
with a reasonable silicon area.

Thermometer-code Current-Mode D/A-ConEFs

+  Thermometer-code"§E%od!
both row and column, for
inherent monotonicity and good
DNL

» Current is switched to the output
when both row and column lines

T, for a cell are high

- « Cascode current source used for

improved current matching

» Suited for high speed, with
output fed directly into a resistor
(50 or 75 Ohms), instead of an

Col \4
4 T T
o—]
Row
e
Bias
N ?—‘

output opamp.

* The delay to all switches must be
equal (suppress glitching)

» Important that the edges of d
and d;" are synchronized

* (From “Johns & Martin”)

14



A few published DACs

2009 >60dB 9.7 1000 188 65 Seums  18300%

2008 80 129 M 19 08 1.8 180 ey Aseossos

2007 59 9.5 200 56 225 33 180 bl
@33V

2004 40 6 250 23 014 1.8 180 Dnew e

2001 61 9.84 1000 110 035 3.0 350 soomg’  Bosohsce,

Mar.'01

1988 95 1545 0.044 15 5 2.5-5 2000 ety

‘88

Litterature Cé g

* Johns & Martin: "Analog Integrated Circuit Design”
* Franco Maloberti: "Data Converters”
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Next week, 1/3:

More on Nyquist Analog to Digital Converters (ch. 4 in
"Maloberti”

Messages are given on the INF4420 homepage.

Questions: sa@ifi.uio.no , 22852703 / 90013264
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