A High Resolution Multi-Bit Incremental Converter
Insensitive to DAC Mismatch Error
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Abstract— This paper presents a second order multi-bit
incremental analog-to-digital converter with two-phase feedback
DAC control logic, insensitive to capacitor mismatches and with
enhanced performance in multi-bit implementation. Besides, the
proposed technique eliminates the complexity of dynamic
element matching and relaxes the Op-amp’s settling time.
Behavioral simulations show that it can achieve 115.55 dB
SNDR at 128 clock cycles using a 7 -bit quantizer without
dynamic element matching.
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L INTRODUCTION

Incremental analog-to-digital converters (ADCs) are widely
used in low frequency high resolution instrumentation and
sensor applications by offering several benefits: good linearity,
easy multiplexing and a simple decimation filter [1]-[3].
Moreover, the reset operation after every conversion generates
a finite-impulse-response (FIR) of the input signal, modifying
the signal transfer function and removing the sample-hold. In
practical applications, like temperature sensing and biomedical
acquisition, the incremental converter must be highly efficient
in terms of power consumption.

Sharing the same architecture of a sigma-delta modulator,
the regular first-order incremental converter needs 2™ clock
cycles for an n-bit resolution. Thus, the required sampling
frequency is very high and the power consumption by active
blocks increases. In order to reduce the required clock cycles in
one conversion, it is preferable and more efficient to use high
order architectures obtained through the cascade of integrators.
However, when the order of the modulator is larger than 2, a
stability problem arises that degrades the architecture’s
performance [4]. Contrary to a single loop structure, two-step
architectures [5]—[7] were proposed. But, realistic circuit non-
idealities will limit the performance.

On the other hand, a single-bit or a multi-bit quantizer can
be utilized in an incremental converter. Conventional structures
often use single-bit quantizer since it is inherently linear.
However, a multi-bit quantizer can improve the performance
by reducing the quantization error. Due to the nonlinearity of
the DAC mismatch, dynamic element match (DEM) is
necessary. Further, the data weight average (DWA) technique
widely used in sigma-delta modulators is not too effective in
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incremental converters [8]. Also, a smart-DEM algorithm was
proposed in [9] but featuring a complicated algorithm.

Then, this paper proposes a two-phase implementation of
the DAC — 15t phase with a single-bit conversion followed by
a 2™ phase with multi-bit conversion. The resolution is
improved by multi-bit implementation without the utilization
of a DEM technique. The paper is organized as follows, next
Section reviews the transfer function of conventional
structures. A novel feedback DAC control logic is proposed in
Section III. Simulation results are exhibited in Section IV and
Section V concludes the paper.

II. INCREMENTAL CONVERTER - REVIEW

A. Single-bit Incremental Converter

Fig. 1 presents a single-bit L -th order incremental
converter. The structure is very similar to a XA modulator,
containing cascaded integrators, a comparator and a two-level
DAC, as well as several feed-forward paths. The incremental
converter requires resets in the integrators differently from the
2A modulators.

The operation of the converter includes the reset of the
integrators’ outputs at the beginning of the conversion,
followed by the accumulation in the integrator of the difference
between the input signal V;, and the result of the feedback
DAC. Besides the accumulation path, feed-forward paths are
used to keep the loop stable. At the end of the N-th clock cycle,
the residual voltage I/, at the output of the last integrator will
become,

Vo(N) = ¢y ¢y BN 24 B0 Vi — DL IVres} (1)

where, ¢y, -+- ¢, are the coefficients along the accumulated path,
L is the order of the loop and D is the quantizer output, further,
the integrator output V,(N) is bounded by V.., which is
guaranteed by a stable loop. Thus, the estimation of the input
1S,

creL SN A BRI DM Vrer vy

Vin = + 2

M M

where, M is a constant equals to ¢; =+ ¢, (IZ ) When compared
with the ADC transfer function, it can be derived from (2) that
the first term of the right side is the estimation of input signal
and the second term is the quantization error. In contrast with
the estimation of the input signal, the quantization noise is



Fig. 1. L-th order incremental architecture.

determined by the integrator output V,(N), the number of clock
cycles, the coefficients along the accumulated path and the
order of the architecture. In general, the resolution of the L-th
order incremental converter with N clock periods is,

Rpen = loga(cy - CL(IZ)) (3)

Based on the above, high order architectures with a larger
number of clock periods can achieve higher resolution.
However, the push for large number of clock periods means
that the sampling frequency of the data converter needs to be
increased. As a result, the active blocks, like opamps, will
consume more power to achieve the settling, and increasing the
order of the modulator can also imply high resolution affecting
stability. For a high order architecture, the coefficients along
the accumulation paths are restricted to values lower than 1 to
maintain the stability of the loop. For example, a 4" order
incremental structure was implemented in [4] with the
coefficients ¢;, ¢,, ¢ and ¢, equal to 0.25, 0.4, 0.22 and 0.11,
respectively. The effectiveness of a high order architecture is
attenuated by the loss factor in the signal path, and the impact
is as illustrated in Fig. 2, where it can be seen that the
resolution is degraded by 8.69 bit.
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Fig. 2. Relationship between resolution and the number of clock cycles.

B. Multi-bit Incremental Converter

In the preceding subsection, it was pointed out that the
quantization noise is determined by 4 parameters: the order of
the architecture, the coefficients along the accumulation path,
the number of clock cycles at one conversion and the final

integrator output. Therefore, minimizing the last stage
integrator output can achieve higher resolution, because of the
smaller residual voltage V,(N).

Similar to a multi-bit XA modulator, a multi-bit quantizer
instead of a single-bit quantizer can also be used in the
incremental converter. With a multi-bit quantizer, the transfer
function of a L-th order architecture with N clock periods
becomes,

N X Vin — DlialVeerm}  (4)
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where, m is the resolution of quantize. Thus, the estimation of
the input signal V;,, can be described as,
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When comparing equations (2) and (6), it can be concluded
that the signal-to-quantization-noise-ratio (SQNR) does not
increase, unless the residual voltage V,(N) is reduced.
Fortunately, the integrator output swing during the whole
accumulation process is smaller, because the feedback DAC
can track the input signal more accurately and the difference
between them is bounded by V,.f,. Then, for a L-th order
incremental converter with a m -bit quantizer, the ideal
resolution is,

Rpen = loga(cy oo ¢y (IZ)) +m @)

The above analysis shows that a multi-bit quantizer
employed in the incremental architecture can increase the
resolution. The effectiveness of the multi-bit quantizer is
increased if a higher resolution quantizer is used. However,
multi-bit incremental architectures suffer from the nonlinearity
of the DAC due to capacitors mismatches.

III. PROPOSED MULTI-BIT INCREMENTAL CONVERTER

Based on the previous analysis, the resolution of an
incremental converter can be enhanced by increasing the
number of clock cycles at the cost of power dissipation,
increasing the order of the structure but degrading stability,
while the utilization of the multi-bit quantizer will impose
nonlinearity in the feedback DAC. A multi-bit quantizer is
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Fig. 3. Two-phase feedback DAC in one conversion.

a potential method to achieve an energy efficient solution
because it will not increase the power consumption of the
opamps.

Fig. 4. Second order multi-bit incremental converter.

A. The Adopted Second-Order Multi-bit Architecture

Fig. 4 depicts a diagram of a second order multi-bit
structure with a low-distortion feed-forward modulator [10].
The SQNR can be improved by using a high resolution
quantizer. For example, with a 7-bit quantizer, the SQNR is

enhanced by 42dB. When compared with a single-bit quantizer,

the required number of clock cycles can be reduced by 11
times for a given resolution.

However, the non-linearity of the multi-bit DAC restricts
the performance. Then, the capacitor mismatch needs to be
calibrated or corrected. For a XA modulator, dynamic element
matching, such as data weight average (DWA), is an effective
method to average the mismatch error. This methodology
works well in a XA modulator but is not effective in the
incremental converter because of the weight variants,
especially for a smaller number of clock cycles in a single
conversion [8]. Therefore, the quantizer used in the previous
2™ order architecture is selected not larger than 3-bit [6], [11],
meaning that the benefit of a smaller integrator output is not
fully utilized. After analyzing the impact of injected mismatch
error, a novel solution is proposed next.

B. Mismatch of Multi-bit DAC and Proposed Methods

Depending on the digital output of the quantizer, the DAC
mismatch error is injected into the incremental converter in the
feedback path. Generally, the various DAC capacitors can be
described as follows,

C=C,(1+g) ®)

where, the C, is the average value of the capacitors array and
the &; presents the mismatch error. Moreover, the mismatch
error obeys the following equation,

Y2 e=0 ©9)

where, m is the resolution of the quantizer. Considering the
second order structure, the weight of the DAC error caused by
the mismatch in j* clock cycle is [9],

Wj=N-—j (10)
Thus, at the end of N-th clock periods, the total injected
error can be described as,

Etot = Z W X (Zl 1 51) (11)

where, D[j] is the code of the quantizer in the j* clock cycle.
Therefore, the errors injected at the beginning of the clock
cycles have larger weights, and the impact of the injected
mismatch error is more significant. Further, this characteristic
implies that the performance can be improved by attenuating
the impact of the injected mismatch error at the initial phase of
the clock cycles.

Based on the previous analysis, a novel two-phase feedback
DAC implementation is proposed with the corresponding block
diagram exhibited in Fig. 3. In phase 1 (single-bit phase), only
1b MSB code of the quantizer is used to control the DAC
capacitor array, and lasts for k clock cycles. For example, if the
code is 1011011, all of the capacitors are connected to the
supply. In phase 2, the code of the quantizer is fully used to
control the DAC capacitors in a multi-bit manner in the
remaining N — k clock periods. In conclusion, there is no
linearity problem in phase 1, because either the whole DAC
array is connected to the supply or to the ground. In phase 2,
there are injected non-linearity errors in the loop with a smaller
weight. Therefore, the total injected mismatch error is,

Etor = Z W X (Z Ei)

C. Number of Clock Cycles - Optimization

The impact of injected non-linearity is attenuated by the
proposed DAC implementation method because the weight of
the mismatch error is smaller in phase 2.

(12)

However, fewer number of clock cycles for phase 2 would
degrade the performance because the residual voltage can’t be



reduced significantly without a sufficient number of clock
cycles. Besides, like in the sigma-delta modulator, the
incremental converter is a system with memory, and the loop
only after a few clock periods can reduce the swing of the
integrator after phase 2 is turned on.

IV. SIMULATION RESULTS

Here, the DAC mismatch will be analyzed through the
behavioral simulation obtained with MATLAB for the
proposed technique with the respective implementation. The
plot of the SNDR vs. the number of clock cycles for phase 1 is
shown in Fig. 5 (red curve). The performance will not be
affected if k is not larger than 114 clock cycles because the
residue integrator output voltage after phase 2 is sufficiently
small.

Then, the non-linearity induced by the DAC mismatches is
injected in the model. The clock cycles k for phase 1 are swept,
with 50 times Monte-Carlo (MC) simulations under the
capacitor mismatch error of 0 = 0.3% for the unit element.
Fig. 5 illustrates the simulation result in blue dots (the MC
dots) and the pink curve (averaging over the MC simulations).
For smaller values of k, the impact of nonlinearity is critical
since the DAC mismatch weight contribution from phase 1 is
significant. With a larger value of k, the effect of nonlinearity
is attenuated and the performance is similar to that of an ideal
multi-bit quantizer structure. Further, it can be deducted that if
k is chosen between 108 and 114, the SNDR is close to the
ideal condition, then, the value of k is selected here with a
value of 110.
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Fig. 5. Monte Carlo analysis for the proposed architecture.
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To demonstrate the effectiveness of the proposed
architecture, 4 cases are simulated: 1) a conventional second-
order model with ideal multi-bit DAC; 2) DAC mismatch error
injection but without any DEM; 3) the traditional DWA
technique averaging the mismatch error; and 4) the proposed
structure without DEM. The simulation results are shown in
Fig. 6 and the proposed technique can achieve 115.7dB SNDR
which is close to the ideal case.

V. CONCLUSIONS

The capacitor mismatch error restricts the performance of a
multi-bit incremental converter. This work, after studying the
operation principle of the capacitor mismatch error, shows the
impact of nonlinearity in a single-loop structure. With the
proposed 2-phase DAC implementation methodology, the
simulation results confirm that the technique can achieve a
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Fig. 6. Power spectrum density of the incremental converter.

SNDR of 115dB at 128 clock cycles using a 7-bit quantizer,
with 110 cycles single-bit DAC feedback in the 15 phase and
18 cycles of 7b DAC feedback in the 2" phase.

ACKNOWLEDGMENT

This work was financially supported by Research Grants of
University of Macau and Macau Science & Technology
Development Fund (FDCT) under SKL/AMS-VLSI/11-
Y3/SSW/FST.

REFERENCES

[11 J. Markus, J. Silva, and G. C. Temes, “Theory and applications of
incremental A converters,” IEEE Trans. Circuits Syst. I, Reg. Papers,
vol. 51, no. 4, pp. 678—690, Apr. 2004.

[2] V. Quiquempoix, P. Deval, A. Barreto, G. Bellini, J. Markus, J. Silva,
and G. C. Temes, “A low-power 22-bit incremental ADC,” IEEE J.
Solid-State Circuits, vol. 41, no. 7, pp. 1562—1571, Jul. 2006.

[3] Youngcheol Chae, Kamran Souri and Kofi A.A. Makinwa, “A 6.3uW
20b incremental zoom-ADC with 6ppm INL and 1pV offset”, in /EEE
International Solid-State Circuits Conference Digest of Technical
Papers, pp. 276-277, Feb. 2013.

[4] Lyden, C., Ryan, J., Ugarte, C. A., Kornblum, J., & Yung, F. M., “A
single shot sigma delta analog to digital converter for multiplexed
applications,” In Proceedings of IEEE Custom Integrated Circuits
Conference (CICC), pp. 203-206, May 1995.

[5] R. Harjani and T. A. Lee, “FRC: A method for extending the resolution
of Nyquist rate converters using oversampling,” IEEE Trans. Circuits
Syst. 11, vol. 45, no. 4, pp. 482-494, Apr. 1998.

[6] A.Agah, K.Vleugels, P.B.Griffin, M.Ronaghi, J.D.Plummer, and B. A.
Wooley, “A high-resolution low-power incremental XA ADC with
extended range for biosensor arrays,” IEEE J. Solid-State Circuits, vol.
45, no. 6, pp. 1099-1110, Jul. 2010.

[71 P. Rombouts, P. Woestyn, M. De Bock, and J. Raman, “A very compact
IMS/s Nyquist-rate A/D-converter with 12 effective bits,” in Proc. Eur.
Solid-State Circuits Conf. (ESSCIRC), pp. 213-216, Jul. 2012.

[8] R.T.Baird and T. S. Fiez, “Linearity enhancement of multi-bit A/D and
D/A converters using data weighted averaging,” IEEE Trans. Circuits
Syst. 11, vol. 42, pp. 753-762, Dec. 1995.

[91 Y. Liu, E. Bonizzoni, A. D'Amato, and F. Maloberti, “A 105-dB SNDR,
10 kSps multi-level second-order incremental converter with smart-
DEM consuming 280uW and 3.3-V supply,” in Proc. Eur. Solid-State
Circuits Conf. (ESSCIRC), pp. 371-374, Sep. 2013.

[10] J. Silva, U. Moon, J. Steensgaard, and G. C. Temes, “Wideband low-
distortion delta—sigma ADC topology,” Electron. Lett., vol. 37, pp. 737—
738, 7" Jun. 2001.

[11] Agnes, A., Bonizzoni, E., and F. Maloberti, “High-resolution multi-bit
second-order incremental converter with 1.5-uV residual offset and 94-
dB SFDR,” Analog Integr Circuits and Signal Processing, Springer, 72,
531-539, Aug. 2012.



