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Mismatch Shaping for a Current-Mode
Multibit Delta—Sigma DAC

Tao Shui,Member, IEEE Richard SchreierMember, IEEE and Forrest Hudson

Abstract—Mismatch shaping allows the use of multibit quanti- as dynamic element matching [2], [3], digital calibration [4],
zation in delta—sigma analog-to-digital converters and digital-to- [5], individual level averaging [6], [7] and mismatch shaping
analog converters (DAC’s) since it noise-shapes the error caused [8]-[17] to combat the problems caused by DAC nonlinearity.
by static element mismatch in a multibit DAC. In this pa- Alth h di . imol - AR dul
per, mismatch-shaping techniques for low-pass delta—sigma\X) though discrete-time 'mP ement"’_‘t'ons modulators
modulators are reviewed, and a mismatch-shaping technique for are the most common, continuous-time modulators are more
bandpassAY modulators is described. The dynamic error caused attractive in high-speed applications. Continuous-time mod-
by frequent element switching is identified as a major source ylators can benefit from the use of multibit quantization in
of error in a current-mode DAC with a continuous-time Output.  1ha same way as discrete-time modulators. Unfortunately, both

Modifying the mismatch-shaping algorithm to account for this . dd . f ;
effect yields a continuous-timeA Y DAC that is insensitive to both static and dynamic errors are severe sources of performance

element mismatch and element switching dynamics. Experimental degradation in a multibit continuous-time modulator. This
results confirm the effectiveness of the proposed techniques. paper shows that it is possible to noise-shape static errors

Index Terms—Current-mode circuits, delta—sigma modulation, and ;imultaneously reduce cgrtain dypamic errors, simply by
digital-analog conversion, mismatch shaping. modifying the element-selection algorithm.

The next section briefly reviews the principles and
algorithms associated with low-pass mismatch shaping.
Section Il describes an efficient algorithm for bandpass

NE-BIT AX modulators have been widely used in highmismatch shaping, while Section IV covers the modified
linearity, moderate-bandwidth data converters. A kemismatch-shaping algorithm for continuous-time multibit
feature of a 1-bitA>: modulator is its ability to achieve perfectA>: modulators. Section V describes a current-mode unit-
linearity by virtue of its 1-bit digital-to-analog converterelement DAC, which was used to verify the preceding
(DAC). In contrast, a multibit DAC cannot be made perfectlalgorithms. Experimental results are presented in Section VI,
linear without the use of perfectly matched components. Sinaed Section VII summarizes this work.
nonidealities in the DAC are equivalent to errors added directly

I. INTRODUCTION

to the input signal, the linearity of &> analog-to-digital Il. MISMATCH-SHAPING REVIEW
converter (ADC) is no better than that of its multibit internal
DAC. A. Mismatch-Shaping Principle

However, multibit A3 converters possess two important Fig. 1 shows the block diagram of a general mismatch-
advantages over single-bit converters. The first advantage?hsaping system described in [14]. The output oAE mod-
that much higher performance is possible through the use o Btor produces an\/ + 1 level s{gnalv(n) which is fed
more aggressive noise transfer function (NTF). For exampﬁqto the mismatch-shaping logic block. The(n) output of

a f_|fth-order binary modula_ltor °pefated at an over_samphqge block contains\ bits, each of which enables a particular
ratio (OSR) of 16 can achieve a S|gr_1al-to-n(_)|se ratio (SN%}ﬂt element in the subsequent unit-element DAC. The number
of at most 50 dB [1]. Howgver, by Increasing the numbelt olements enabled at each instant is equab(e). The

of quantization levels to eight and designing for a morgqmatch-shaping logic of Fig. 1 selects elements in such a

aggressive NTF, simulations indicate that 108-dB SNR C@vrhy that the mismatch error existing between those elements

be achieved with the same modulator order and the Saloise shaped, much asA@’ modulator shapes quantization

OSR. The second advantage is that the output of the mOdUIBrIiste

more closely resembles the desired output and contains muct&nélyzing the system shows that the output of the DAC is
less out-of-band noise. This reduction in the out-of-band

noise eases the burden on the postfiltering stage, reduces the DV(z) = kV(z) + Ha(2)DE(2) 1)

sensitivity of the output to edge jitter, and relaxes the Sle"\‘/\iherek is the average element valug(z) is the output of

rate requirements on the analog output stage. These advant?ig@%odulatorDE(z) is an error signal introduced by element

have driven a number of researchers to develop such SCheWI?ngatCh, and{,(z) is the mismatch transfer function (MTF).
Manuscript received August 10, 1998; revised October 26, 1998. The key point is that the error due to element mismatch is
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Fig. 1. A general diagram of mismatch shaping.
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Fig. 3. (a) N-path filter principle. (b) Frequency response of a four-path
differentiator.
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Fig. 2. Element rotation algorithm for an eight-element DAC: (a) element
selection pattern and (b) simulated result with a third-order modulator. Hg(z) =1422, (3)

pass delta—sigma modulator that has center frequengy/ 4t
The sought-after mismatch-shaping function is

Although the effectiveness of the approach was demonstrated
] ] i in simulation, the method suffers from two drawbacks. First,
First-order low-pass mismatch shaping uses the MTF  j; requires several steps in each cycle to generate the ele-
Hy(z)=1-2" (2) ment selection bits. Second, the implementation requires a
considerable amount of digital hardware.
and can be implemented by the element rotation scheme [8]} indfors et al. [19] and Hernandezt al. [20] described
[10] depicted in Fig. 2(a). (This scheme is also known &g, efficient mismatch-shaping scheme for multibit bandpass
data-weighted averaging [11], [12].) In this algorithm, the unfje|ta—sigma modulators. The method is based upon application
elements are selected in a rotational manner. This operatioRjshe N-path filter principle to the element rotation scheme,

equivalent to differentiating a signal related to the integrals shown in Fig. 3(a). In this figure, each path implements a
nonlinearity of the DAC and results in first-order shapingirst-order high-pass transfer function

As shown in Fig. 2(b), the mismatch-induced noise present )
in the output of aAY, DAC is first-order shaped (i.e., it has a Hp(z)=1-2"". 4)
20-dB/decade slope) in the low-frequency band.

B. Example: First-Order Low-Pass Mismatch Shaping

Each clock frequency equalg /N, where the system clock
frequency isf;. By using four path filters in parallel, the
overall transfer function becomes

A bandpass delta—sigma modulator benefits from multibit .

gquantization in the same way as its low-pass counterpart: H(z)=1-2" ()

wider input dynamic range and better stability, much high&s, s four zeros (notches) are obtained by the four-path filter-
performance, and closer resemblance of the desired OUtpif-ansformation from (4) and (5). The frequency response of
in the time domain. _How_ever, as is the case_vx_/lth a IOV\H(Z) in (5) is shown in Fig. 3(b). The zeros At/4 and3/, /4
pass modulator, the linearity and SNR of a multibit bandpag§y, 5,ppress the mismatch noise in the band of interest of a
modulator is limited by the DAC. In this section, Sever%andpass delta—sigma modulator with center frequefagy.
existing schemes for bandpass mismatch shaping are revieweq-,his scheme can perform the element selection in a single
and an efficie'nt mismatch-shaping scheme that has imprm@éﬂe_ Compared with the algorithm in [17], this four-path
performance is presented. method can be implemented more efficiently and higher speed
o ] ) can be obtained. However, this algorithm has one drawback:
A. Existing Bandpass Mismatch Shaping the MTF has four zeros spread around the unit circle, and only
In [17], Henderson and Nys showed one way to implemetite two zeros affs/4 and 3f;/4 are useful in reducing the
a second-order mismatch-shaping transfer function for a bamdismatch noise in the band of interest. The existence of two

I1l. M ISMATCH SHAPING FOR BANDPASS AY, MODULATORS
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Prototype highpass Band-reject filter Hy (2)=1+2" Ho(2)=1+22
Hy'(2)=1+2"" Ha(2)=1+2"2 Unit-Element Array ,  Unit-Element Array
A z 22 4 1 7 7 4
Q3 03
52 s2
a a
wls 6 w|s 6
=53 =53
Fles Flgs
=3 =3
4 4
IH,(f)! ° °
[Hy () H
2'(f) 2(f) @
2 fs 2fs f f/4 fs/z fs f : no ishapiné : : :
=50 b R s T OSR=32; niev=9--
Fig. 4. Two-path transformation off>(z). — o : . b : 3 :
’ P ’ F -100 AP ‘- RN by
o 150‘ A Ky y | |
unwanted zeros (at dc anfd/2) degrades the effectiveness of 2 ~°°T: T W 1 A Ideal: SNR=96dB! |
the mlsmatCh Shaplng by 6 dB' -200""'id'e'al'/" """ N'o'sh.a'pih':'ade
250 : : : _ 1°@ misma ch
B. Improved Bandpass Mismatch Shaping 0235 024 0245 025 0255 026 0.265x/J2
To effectively shape the noise in the band of interest caused (b)

by mismatch error, the MTF should b€2(z) =1+ 22 Fig. 5. Bandpass mismatch shaping for an element example: (a) selection
While an efficient implementation off, is not obvious from &lgorithm and (b) simulation results.
the structure depicted in Fig. 1, a simple and effective scheme

can be achieved if we first consider implementing P o T "1 1% Element ]
o E 3 E 3 mismatch:error :
Hy(z)=1+7"". (6) S T N
o -100
A two-path transformation — 22 on Hj will implement a ; ; : ; ; ; ;
the desired MTF [21]. Fig. 4 illustrates the principle of this 150235 024 0245 025 0255 026 0.265
two-path transformation: the zeros &f;(z) at » = —1 are (@)

mapped toz = =i, providing the desired notch af,/4.

One way to implement{} is shown in Fig. 5(a). Rather than & 0 f
rotating forward into the least recently used elements as in< .50
the element rotation scheme, rotate back and forth through the?,-
most recently used elements. The reason for reusing the mose
recently used elements is that the impulse response affthe -150

-100(¥ e

; used € _ 0.235 024 0245 0.25 0.255 026 0.265
is {1,1}, indicating that the errors made in the last step need Normalized Frequency (fs=1.0)

to be repeated. ®)

Fig. 5(b) shows simulation results for a third-order 17-level ] ] ) )
bandpass modulator with a tone input. In the absence 'ﬁ{smiﬁgﬁiizspiw;d”'amr with two-tone simulation: (a) no shaping and
element mismatch, this modulator achieves 96-dB SNR at an
OSR of 32. With 1% mismatch, the SNR drops to 62 dB if
mismaich shaping is not used, but rises to 90 dB if the elem%q turning an element on or off is a serious source of noise
selection sirategy described above Is employed. The two-iq d distortion. Differences between the on and off delays on

test re;ults pres_ented n Fig. 6 confirm th".ﬂ the spunou;-fr&ee order of a few tens of picoseconds are significant at output
dynamic range is also improved when mismatch shaplngﬂ%

In a DAC with a continuous-time output, the error induced

quencies in the tens of megahertz. Even if the on and off

applied. delays are precisely equal, matching of the rise and fall times is
similarly critical. Using the return-to-zero method is one way
IV. MODIFIED MISMATCH SHAPING to address nonideal settling dynamics, but doing so eliminates
the aforementioned advantages associated with a smooth time-
A. Motivation domain waveform: namely, reduced sensitivity to edge jitter

Mismatch shaping can yield a highly linear DAC if the DAC2Nd slew rate distortion.
errors are dominated by static mismatch. Unfortunately, no )
benefit is accrued when the DAC performance is dominated By Dynamic Error Model
dynamic errors. In fact, since mismatch shaping generally in-A simple model for analyzing the effect of unequal on/off
creases the element switching activity, it can actually increagdelay is shown in Fig. 7. The delay time error is modeled
the noise and spurs caused by nonideal element dynamicsas a gain factorAr, which can only be seen at the output
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Fig. 7. Discrete-time model for unequal on/off delay.
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Fig. 9. Partial-sorting block used in the vector quantizer for an eight-element

MMS DAC.
0 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
o 20 - S . . .
T :‘618 RN O S A S To see how such a selection strategy can be implemented,
Sj sl e y let v(n) (a positive number) be the output of*8>> modulator.
o :1g8 oy "f'fﬁjﬁﬁ;',,,,,,,Zﬁﬁ,‘jﬁﬁiﬁiﬁﬁZﬁfiﬁ[fff Definerem, on,andoff as the number of elements that remain
-140 60T 007 003 004 005 0.06 on, are turned on, or are turned off at time smgpespectlvgly.
Last, let L be the number of elements required to switch at
@ each time step. Therefore
@‘_80 :ZZZﬁZf?jZIZZIZEZ]Zﬁﬁﬁﬁ:ﬁﬁﬁﬁﬁﬁiﬁ:ﬁfﬁﬁﬁfﬁiﬁﬁﬁfﬁﬁ: on—off=v(n) —v(n—1) (7
a :‘;8 IR IS S TN SRR SURURRNNS SR on+off=L (8)
T 10 T S B Rptongndn ey
@ qool ). - AR TTET T rem+ on=wv(n). 9)
-120} B e .
-140 00T 002 003 004 005 0.6 By solving these equations, we have
Normalized frequency (f.=1.0
o quency (1:=1.0) on= (L +v(n) — v(n — 1))2 (10)
. o : . . off = (L — v(n) +v(n—1))/2 (11)
Fig. 8. Simulation results for the discrete-time model: (a) no shaping and
(b) first-order shaping. The dynamic error is assumed to be 0.1%. rem= (v(n) + v(n - 1) - L)/2- (12)

For fixed L, the physical constrainten > 0, off > 0, and
when the number of elements turned on or off is nonzergm > 0 result in restrictions on the input sequene@).
The number of elements that switch is denoted|#sin However, by allowingL to vary about a target value, these
this figure. According to this model, the instantaneous errggstrictions can be lifted. Furthermore, if the sequence is
is proportional to the total number of switching events thaindowed with a noise-shaped spectrum, the errors caused by
occur in each sampling interval but is independent of whethgsnideal dynamics are also noise shaped.
elements are being turned off or turned on. A similar model The implementation of MMS follows the diagram of Fig. 1,
based on analysis of the time-domain waveforms is presentg@ept that the vector quantizer must now operate under
in [23], but this more complex model collapses to that showRore constraints. In addition to the usual requirement that
when second-order effects are ignored. Both models assui& number of elements enabled at timenust beuv(n), the
that the switching dynamics of all elements are identical. vector quantizer must also attempt to satisfy (10)—(12). The
Fig. 8 shows the results of simulations using the modglocedure adopted is as follows.
in Fig. 7. A third-order low-pass modulator with nine-level 4 Calculateon, off, and rem using (10)—(12).
guantization employing no-shaping and first-order mismatch
shaping is used to generate the vector. It is assumed that
no mismatch exists in the unit element DAC, but that the
on and off delays differ by 0.1% of a clock period. The
generation of a second-order harmonic (especially visible in3) From the elements that are off, select treelements
the first-order shaping case) is due to the absolute function having the largessy(n) components.
|z|, which generates even-order harmonics. Since first-order4) From the elements that are on, deselectatfi@lements
shaping tends to switch elements more frequently, the shaping having the smallesty(n) components.
result is more sensitive to dynamic errors than the no-shapifg implement the above procedure, it would appear that the
case. vector quantizer requires a sorted and indexgh) vector.
Since a circuit that performs a one-step sort is complex, this
. requirement is not easily met, especially at high speeds or with
C. Algorithm large numbers of elements. Fortunately, the MMS algorithm
The idea underlying modified mismatch shaping (MMS) isan operate with a partially sorted(n) vector, such as that
similar to that of AY modulation: make the spectrum of theproduced by the circuit whose block diagram is shown in
switching error harmless. A particularly simple form of thig=ig. 9. The tree-sorting approach of [24] and [25] is another
idea is to set the number of switching events per period ¢tandidate for performing a hardware-efficient partial sort.
a constant. This choice turns the errors caused by nonideaFig. 10 shows an example of the element usage pattern
element dynamics into a dc offset. under MMS. Here, the initial value of is four. It can be

2) If one of on, off, or rem is negative, set it to zero and
chooselL such that (7)—(9) are satisfied. This requires
recomputation of two obn, off,andrem
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Fig. 12. Current-mode DAC: (a) system diagram and (b) unit-element

' i J J T schematic.
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Fig. 13. Chip microphotograph.

0 001 002 003 004 005 006

Band of interest Normalized frequency (fs=1.0) of the input switch, thereby providing some control over

the on/off delay difference. The cascode transistor yields a

© high output impedance, eliminating the noise and distortion

Fig. 11. Simulation results for (a) no mismatch shaping, (b) first-ordggzaused by finite output impedance. The local biasing network
shaping, and (c) MMS. provides isolation between elements, as element crosstalk
can be another source of error. The DAC is fabricated in

seen that the number of elements that switch at each time sfigp orpit 1. 2um CMOS N-well double-poly double-metal

is fairly constant (either three or four). Since the number ®frocess. Fig. 13 shows the microphotograph of the designed
elements that switch is not fixed, the dynamic error is not trupgyac.

constant. To make the number of elements that switch constant,
the output of the driving modulator must be restricted, as
mentioned earlier. Since such constraints reduce the resolution
of the multibit quantizer, the number of elements that switch A third-order low-pasg\Y. modulator with nine-level quan-
has been allowed to vary. tization is implemented on an XC4010E field-programmable
MATLAB simulations have been performed, and one of thgate array (FPGA). The modulator structure is as shown in
simulation results is shown in Fig. 11. Here, a third-ordét  Fig. 14(a). The test setup is shown in Fig. 14(b). Various
modulator with nine-level quantization is used to generaterms of mismatch-shaping logic (first-order low-pass mis-
v(n). The DAC is assumed to have 1% mismatch errdhatch shaping, bandpass mismatch shaping, and MMS) are
and 0.1% dynamic error. In this example, MMS outperformigplemented using the FPGA.
standard mismatch shaping by 10 dB.

VI. EXPERIMENTAL RESULTS

A. Low-Pass Mismatch-Shaping Test

V. CURRENT-MODE DAC DESIGN First, the performance of the DAC is evaluated with first-

A current-steering DAC employing 16 nominally equabrder low-pass mismatch shaping. Example test results are
current sources and an off-chip resistor load is used as #town in Fig. 15. When no shaping is used, the observed
testbed for the proposed mismatch-shaping algorithms. Aarmonic distortion isHD; = —60 dB and HD3 = —65
shown in Fig. 12, each current source includes a singleB. After mismatch shaping is applieff,D; decreases by 20
ended switch driver (m1, m2), a cascode current source (na®, but HD, decreases by somewhat less.
m4), and a local biasing network (ms& m11). The single- If H D, is measured as a function of the sampling frequency,
ended switch driver allows adjustment of the threshold leviie result is as shown in Fig. 16, where the measured no-
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Fig. 15. Measured spectrum of UEDAC2 At = 500 kHz: (a) no-shaping . .
and (b) first-order shaping. B. Bandpass Mismatch-Shaping Test
To test the effectiveness of the bandpass mismatch-shaping
-40 T RS algorithm, a sixth-order bandpass modulator with nine-level
P Measured S S RN I R quantization is implemented by applyingza— —z> trans-
no shaping : : | Pl o formation to the prototype third-order low-pass modulator of
BT Fig. 14(a). This bandpass modulator has its center frequency
3 . ,,,,Meaisuréd, 35 located atf./4 and preserves all the characteristic of the
8 shaping,_+7 i i1 5 dB/d low-pass modulator (such as SNR, stability, etc.).
T gl o In Fig. 17(a), a single-tone test is performed. Because of
Do j j : s folding, the third-order and fifth-order harmonics occur at
90 - | Theoretical, shaping | offsets —3Af and +5Af, respectively, whereAf is the
-100 RN R R Do ik offset of the fundamental from the center frequenty4.
0.1 1 10 f5 (MH2) With mismatch shapingHDs and HD; are reduced from
Fig. 16. Measured? D of DAC as a function of the sampling frequency —64 dB and —69 dB, respectively, to less than95 dB.
fs- The noise floor also decreases by about 14 dB. The proposed

bandpass mismatch shaping appears to be effective. This is
pderscored by the results shown in Fig. 17(b) where the two-
ntermodulation products are found to be reduced by more
n 20 dB.

shaping, measured first-order shaping, and theoretical firs
order shaping curves are all plotted. The theoretical res pe|
comes from simulations of the DAC with element values taken
from dc measurements. With first-order mismatch shaping
applied, HD, is above the level predicted by simulations an€. Modified Mismatch-Shaping Test

is proportional to the clock frequency. For frequencies above 4as shown in Fig. 16, the linearity of the DAC employing
MHz, the shapedi D actually exceeds the no-shaping levelirst-order mismatch shaping is limited by the dynamic error,
This graph shows that dynamic effects dominate the shapghich was verified by adjusting the driver's threshold and
static mismatch error over the entire range of test frequenciebserving the spurs’ movement up and down.
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Fig. 20. Measured DAC spectrum after the notch filter: (a) no-shaping, (b)
first-order shaping, and (c) MMS.

of the mismatch shaping. This results in an SNR of about 82
dB for MMS.

VII.

A current-mode DAC is used to verify existing low-pass
mismatch-shaping algorithms as well as the proposed band-
pass and modified mismatch-shaping algorithms. Ordinary
mismatch shaping is useful if the dominant DAC errors are
due to element mismatch, but modified mismatch shaping is
preferable when element switching dynamics dominate the
mismatch-induced error.

CONCLUSIONS

| arge
lmp%ovament!

0.1 1

10 £, (MHz) [1]

Fig. 19. Measured? D5 versus sampling frequency with MMS.
[2]

The experimental result fof, = 2 MHz is shown in Fig. 18.
First-order mismatch shaping attenuates the noise floor anc}
reduces harmonic distortion when compared with the noil
shaping case, but D, is still about—73 dB. After MMS is
applied, the noise floor goes down and the harmonic distortiofs)
is virtually eliminated. Over 85 dB of spurious-free dynamic
range is demonstrated.

Fig. 19 shows the measureH D, versus sampling fre-
quency when MMS is applied. For comparison purposesy,
H D, with first-order shaping is plotted on the same graph.
This graph shows that MMS yields a significant improvement
especially at high sampling frequencies. 8

The SNR of the DAC is measured with the help of a second-
order notch filter to notch out the signal. Fig. 20 shows thé®]
measured spectra at, = 500 kHz. When no shaping is
applied, mismatch error introduces a large amount of noise in
the band of interest, and the notch filter’'s notch can be cleaﬁw
identified in Fig. 20(a). When first-order mismatch shaping
is applied, the in-band noise is limited by the notch filtel11]
but 85-dB SNR can be measured. When MMS is applied,
we can see there is a slight increase in the noise floor [at]
the upper portion of the band of interest. This is due to the
compromise inherent in the MMS algorithm: minimizing thehg]
dynamic effects causes a slight degradation in the effectiveness

(6]
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