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Abstract. This paper describes a two-step incremental ADC using the proposed self-calibration
method. For high accuracy AD conversion, the ratio of the two reference voltages which are used in
the two internal DACs should be accurately known. We propose here to measure their ratio using the
incremental ADC itself, and it is stored in digital memory in self-calibration mode. Then in normal
operation mode, the obtained two-step digital data are corrected in digital domain based on the
measured and stored voltage ratio. This can be extended to a multi-step incremental ADC. The circuit
configuration, self-calibration algorithm and behavioral simulation results are shown.

1. Introduction

Biosensors, Internet-of-Things and instrumentation applications require integrated sensor systems
with high power efficiency, and ADCs are key elements in sensor interface circuits. In some
applications, such as image sensors, a single ADC must be multiplexed among many channels, and an
incremental ADC is suitable there due to its circuit simplicity, low power and high accuracy. In
recently years, there are plenty of research activities in this area [1-9]. The one-step incremental ADC
takes a long time AD conversion time and hence the two-step incremental ADC is proposed which can
speed-up the AD conversion. However, the mismatch between step 1 and step 2 operation circuits
causes the overall ADC nonlinearity.

In this paper, we propose a self-calibration method for the two-step incremental ADC, where the
reference voltage V,, for the step 2 operation is measured using the step 1 operation circuit and
reference voltage V,,, and the measured data is stored in digital memory in calibration mode. Then
based on the stored data, the output data is corrected in digital domain in normal operation mode. Its
circuit configuration, operation and simulation results are shown.

This paper is organized as follows: Section 2 explains the one-step incremental ADC, and Section
3 shows the two-step incremental ADC and its simulation results. Section 4 describes the proposed
self-calibration and simulation verification. Section 5 provides conclusion.
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2. One-step incremental ADC

Fig. 1 shows the first-order one-step incremental ADC with the input range of Vin between -Vrl to
Vrl. Fig. 1 (a) shows its circuit configuration and Fig. 1 (b) shows its timing chart. Its configuration
resembles to the AX ADC. However, when its operation starts, the integrator and the counter are reset,
and it is a Nyquist-rate ADC instead of an oversampling ADC. In some aspects, it is similar to the
integrating ADC [10]. The one-step incremental ADC takes 2" clock cycles to realize n-bit resolution
AD conversion. For example, in n = 16 case, 65,536 cycles are required, which takes a long
conversion time. Then the two-step incremental ADC is considered to alleviate this problem, as
described in the next section.
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Fig.1. One-step first-order incremental ADC.

3. Two-step incremental ADC

Fig. 2 shows the first-order two-step incremental ADC. Fig. 2 (a) shows its configuration, while Fig.
3 shows its timing chart. It is composed of an analog integrator with reset, a comparator, two 1-bit
DACs (DACI1, DAC2) and two counters with reset. DACI1 outputs V,.,for the digital input D, of 1
and —V,; for 0, whereas DAC2 outputs V,, for 1 and —V,, for 0. These outputs are selected by a
select signal (sel) and a multiplexer (MUX), and then it is fed-back to the analog integrator. The
comparator output D, is provided to one of 2 counters with reset, which is selected with the select
signal (sel) and a de-multiplexer (DMUX).
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3.1 Step 1 Operation

In the operation at the step 1 (Fig. 2 (b)), the analog integrator and 2 counters are reset to zero. Then
the DC input V;,, is provided. DACI is selected and the difference between V;,, and the DACI1 output
Ay, i1s input to the analog integrator and accumulated.

When the analog integrator V,, is positive or zero, then the comparator produces the output D, of
1 at the rising edge of the clock (CLK). The counterl output is incremented by 1, and the DAC1 output
Ay 1s V. When V, is negative, then the comparator output D, is 0. The counter outputl is
decremented by 1, and A,; is —V,,. These operations are repeated by N clock cycles, and the
counterl output is obtained as Qypper-

This operation algorithm at step 1 can be written as follows:

For n=1 to N:
V(1) =0, Qupper(l) =0,D0(1) = 0,40(1) = Vpq.
E(n) = Vip(n) — Ao(n)
Vo(n+ 1) =Vy(n) + E(n)

If (Vo(n+ 1) = 0), then
Din+1)=1
Qupper(n +1) = Qupper(n) +1
Agin+1) =V,

Else if(V;(n + 1) < 0), then
Dy(n+1)=0
Qupper(n +1) = Qupper m)—1
Ag(n+1) ==V

After N cycles, Qupper(N + 1) shows the following:
Ny, the number of the comparator output Dy = 1.
N,,,: the number of the comparator output Dy =0 .
Here Qupper(N +1) = Ny — Ny, N = N, + Npy,.
Then Vo(N +1) = N Vi — (N, — Ny )Vpq.
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3.2 Step 2 Operation

In the operation at the step two (Fig. 2 (¢)), the input V;,, is set to zero. At its operation start time,
the analog integrator output value is kept as the final value at the step 1 and counter2 starts from zero.
DAC?2 is selected and the difference between V;;,, and the DAC2 output A, is input to the analog
integrator and accumulated.

Similarly, when the analog integrator V; is positive or zero, then the comparator produces the
output D, of 1 at the rising edge of the clock (CLK). The counter2 output is incremented by 1, and
the DAC2 output Ay, is V,,. When V, isnegative, then the comparator output D, is 0. The counter
output2 is decremented by 1, and A,, is —V,.,. These operations are repeated by M clock cycles, and
the counter2 output is obtained as Q;yer-

This operation algorithm at step 2 can be written as follows:

Qlower(N + 1) =0

Forn=N+1 to N+ M:
E(n+1)=-4A,(n+1)
Vo(n+1) =Vy(n) + E(n)
If(Vo(n+1) = 0)
Din+1)=1
Qiower(M + 1) = Qrower(n) + 1
Ag(n+1) =V,

Else if(V,(n + 1) < 0)
Dy(n+1)=0

Qlower(n + 1) = Qlower(n) -1
Ao(n +1)= -V

After N + M cycles, Q;ower(N + M + 1) shows the following:
M,,: the number of the comparator output Dy = 1.
M,,,: the number of the comparator output D, = 0 .
Here Qioper(N+M+1) =M, — My, M =M, + M, — 1.
Then we have the following:
Vo(N+M+1) =N-Viy — (N — Ny )V — (M, — My, )Viy

N Vi — (Np = Np)Viy = (M — My )V = 0

N, — N M, —M_ —1
inz% r1+%vr2
Np Mp M-1
Vin = ”{[Z'W_l]JrK'[Z'M—fl] N } @

The analog input V},, can be measured as the following:
Digital output [2 -%— 1] +K- [2 -%— 1]%

Here K =V,,/V,,, and we need to know its exact value.
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Fig. 2. Two-step incremental ADC.
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Fig. 3. Two-step incremental ADC operation timing chart.
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3.3 Two-step incremental ADC simulation verification

The simulation result of two-step incremental ADC with only operation step 1 shown in Fig. 4. The
result shows that when the clock numbers increase the error between the input V;,, simulation and V;;,
calculation (evaluated by Eq. (1)) is reduced.

Here, y-axis in Fig. 3 denotes the normalized absolute error between the exact input voltage which
symbolized as V;,, simulation and the input voltage evaluated by Eq. (1) which is symbolized as V;
calculation:

Normalized absolute error = maxy;, |V;, simulation — V;,, calculation| (2)

For 1/2™ accuracy, 2™ clocks are required and for high accuracy, it takes long conversion time.
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Fig. 4. Simulation results of two-step incremental ADC with only operation step 1.
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Fig. 5. Simulation results of the two-step incremental ADC as a parameter of the reference
voltage Vr2 with the various number N of the step 1 clock cycles and the fixed number M (=8)
of the step 2 clock cycles.
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Fig. 6. Simulation results of the two-step incremental ADC as a parameter of the reference
voltage Vr2 with the various number M of the step 2 clock cycles.

The simulation results of the two-step incremental ADC with the operations of step 1 and step 2 are
shown in Fig. 5. First, we consider the number N of the operation step 1 clock cycles with increase by
2 times. We found that the error of the incremental ADC decreases to half for 2 times increase of N.
Then we consider the effect of the reference voltage V,, of the operation step 2 in four cases: V,., =
0.125,0.25,0.5,0.75,1. We found that in the case of the reference voltage V,., < V,;, the AD
conversion error is decreased as the reference voltage V,., is decreased. In the case of V,., = V,,, the
error is equal to operation step 1 only as shown in Fig.4.
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Fig. 6 shows the simulation results by considering the number of the operation step 2 clock cycles
M in four cases of the reference voltage V,.,. First, we set N = 512 as a fixed value and increase M
from 0 to 12 in four cases of the reference voltage V,,. Here, M = 0 means that only operation step
1 is performed. The simulation result is shown in Fig. 6 (a), and we see that the smallest V,.,(= 0.125)
provides a substantial decrease of error while it needs a large number M of clock cycles in operation
step 2. Then, we considered the smaller V,., casethat V,, = 0.0125,0.025,0.050,0.075, 0.1, and the
simulation result is shown in Fig. 6 (b). We found that small V,, could reduce the error significantly,
but more clock cycles in operation step 2 are needed.
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0.0E+0
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Fig. 7. Simulation results of the two-step incremental ADC operation step 2 with various
reference voltage Vr2 for N=512 and M=16.

Fig. 7 shows the simulation result of the two-step incremental ADC in operation step 2 to clarify
the effect of the reference voltage V,.,. The result shows the error between V;, and ADC output is
proportional to the reference voltage V,.,. According to the simulation results above, for the error less
than 1/21%, it is necessary that N = 1024,M = 128 where the reference voltage V,, =
0.0125,V,; = 1.

4. Self-Calibration for two reference voltages

In an actual chip, there can be some mismatch between DAC1 and DAC2, or their gain ratio is not
as expected, then the overall ADC accuracy degrades. We consider here that DACI uses the reference
voltage V,; while DAC2 uses V,,. Their exact ratio cannot be implemented as designed due to
process variation, so that it has to be measured accurately.

We propose here that in self-calibration mode, V,, is measured with the incremental ADC using the
reference voltage V,,. Then the ratio V,,/V,; can be obtained with high accuracy.
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V(1) =0, Qupper(l) =0,D9(1) =0,40(1) =Vp4
E(n) =V, —A4o(n)
Vo(n+1) =Vy(n) + E(n)
If (Vo(n+1) =0)
Di(n+1)=1
Qupper(n +1) = Qupper(n) +1
Ag(n+1) =V
Else if(V;(n + 1) < 0)
Do(n+1)=0
Qupper(n +1) = Qupper(n) -1
Ag(n+1) = -V
After L cycles,
Ly: the number of the digital output for Dy = 1.
L,,: the number of the digital output for D, = 0.
Here L =L, + Ly,.
Then Vo(L + 1) =L Vi — (Lp — L) Vpq.
Since Vy(L + 1) = 0, we have the following:

K=V/V = (Lp - Lm)/L (3)

reset
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Vi E
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'y > 5| YUY counter1 7#»
- down Qupper
CLK D TCLK
Ao ’ M
i U
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N dUP/ counter2 L38
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= TCLK
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Fig. 8. Self-calibration mode: Vr2 is measured using the incremental ADC circuit itself with
the reference voltage Vr1.

Fig. 9 shows the simulation verification of the proposed self-calibration. Fig. 9 (a) shows the
simulation result in ideal case: V,; = 1,V,, = 0.0125 and K = 0.0125. Here K is the coefficient
in Eq. (2). Notice that y-axis in Fig. 9 denotes the normalized error between the exact input voltage
which symbolized as V;, simulation and input voltage evaluated by Eq. (1) which is symbolized as
Vi, calculation:

Normalized error = ( V;, simulation — V;,, calculation) 4)
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Fig. 9. Simulation results of self-calibration for N=512, M=128.

Fig. 9 (b) and (c) show the case that there is a deviation of the actual V,, = 0.01275 from the
designed value of V,, = 0.0125, while V,; = 1. In other words, the actual ratio of V,,/V,; =
0.01275. Fig. 9 (b) shows the simulation results without self-calibration, where we use K = 0.0125
for the calculation. We see larger error compared to those in Fig. 9 (a).
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Fig. 9 (c) shows the simulation result with self-calibration. The measurement in self-calibration
shows that V,, = 0.012748. Fig. 9 (¢) is obtained using V,; = 1,V,, = 0.0125,and K = 0.012748,
which shows that the errors become smaller compared to those in Fig. 9 (b) and comparable to those
in Fig. 9 (a).
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Fig. 10 Simulation results of self-calibration for N=512, M=16.
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The simulation results in Fig. 10 are similar to those in Fig. 10, where a larger value of reference
voltage V,, = 0.125 is used. Fig. 10 (a) shows the ideal case. Fig. 10 (b) shows the mismatch case
without calibration, where V,.; = 1,V,, = 0.1725 and K = 0.125. Fig. 10 (c) shows that with self-
calibration, where V., = 1,V,, = 0.1725 and K = 0.17248. Here, the value of K = 0.17248 is
measured in self-calibration mode. We see that the errors in Fig. 10 (¢) become smaller than those in
Fig. 10 (b).

Remarks:
(i) For high accuracy measurement of K = V,,/V,.;, the number of cycles is large, but notice that this
is just one time. Then the value of K is stored in memory and it is used for normal operation to correct
the digital output.
(ii) The calculation of K multiplied by Qypper can be done with an adder and a barrel-shifter; in other
words, an expensive floating-point multiplier is not necessary. Suppose that Qupper =
bpby_1by_5 ... by in binary format, where b, = 1or0 (k =n,n—1,...,1,0). Then K X Qjyyer is
calculated as follows:

K X Qupper = Zm for b,=1 K x2m (5)

K X 2™ can be obtained with m-bit left shift of K.

(iii) One may ponder that since Vrl > Vr2, it seems more accurate to measure Vrl with V2 in
calibration. However, you cannot do such a way because the incremental AD modulator will saturate
and not work correctly for Vin = Vrl, Vref =Vr2 and 0< Vr2 < Vrl. Vin must be between —Vref and
Vref.

Notice that Table 1. summarizes the simulation key-parameters.

Table 1. Simulation key-parameters for each simulation.

Vin | Vr1| Vvr2 K N M
Fig.3 0.1-1 | 1 N/A 2~212 0
0.125
Fig.4 0.1~1 | 1 8'2(5) 2212 | g
1.0
0.125
(@) | 04~1 | 1| o0& 512 | 0~10
1.0
0.0125
b) | 01~1 | 1 8'828 512 | 0~210
0.100
0.1~1 512 16
0.0125 | 0.01250
0.0125 | 0.01275 | 512 | 128
0.0125 | 0.01248
0.125 | 0.1250
0.1725 | 0.1250 | 512 16

0.1725 | 0.17248
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5. Conclusion

In this paper, we have proposed a self-calibration method for the two-step incremental ADC. First,
the two-step incremental ADC configuration and its behavior are verified by simulations Then the
proposed self-calibration method to compensate for the mismatches between the first step and second
step operation circuits is shown with behavioral simulation verification.

We will extend this method to three-step and four-step incremental ADCs.

Acknowledgements
Dr. Tatsuji Matsuura of Tokyo University of Science is acknowledged for his explanation about
incremental ADCs.

References

[1]

2]

[3]

[4]

[7]

[8]

[9]

S. Pavan, R. Schreier, G. C. Temes, Understanding Delta-Sigma Data Converters, Second Edition,
IEEE Press (Jan.2017)

Z.Tan, C.-H. Chen, Y. Chae, G. C. Temes, “Incremental Delta-Sigma ADCs: A Tutorial Review”,
LEEE Tran. Circuils and Systems /[ Fegular Fapers,vol. 67, no.
12, pp. 4161 - 4173 (Dec. 2020).

J. Markus, J. Silva, G. C. Temes, Theory and Applications of Incremental AX Converters IEEE
Tran. Circuits and Systems I: Regular Papers, vol. 51, no. 4, pp.678-690 (Apr. 2004).

D. Wendler, D. D. Dorigo, M. Amayreh, A. Bleitner, M. Marx, Y. Manoli “A 0.00378mm?
Scalable Neural Recording Front-End for Fully Immersible Neural Probes Based on a Two-Step
Incremental Delta-Sigma Converter with Extended Counting and Hardware Reuse”, IEEE
International Solid-State Circuits Conference, San Francisco, CA (Feb. 2021).

Y. Zhang, C.-H. Chen, T. He, G. C. Temes, “A 16 b Multi-Step Incremental Analog-to-Digital
Converter With Single-Opamp Multi-Slope Extended Counting”, IEEE Journal of Solid-State
Circuits, vol. 52, no. 4, pp. 1066-1076 (Apr. 2017).

T. Katayama, S. Miyashita; K. Sobue; K. Hamashita, “A 1.25 MS/s Two-Step Incremental ADC
With 100-dB DR and 110-dB SFDR”, IEEE Solid-State Circuits Letters, vol. 1, no. 11, pp. 207-
210 (Nov. 2018).

C. -H. Chen, T. He; K. Sobue, K. Hamashita; G. C. Temes, “A Two-Capacitor SAR-Assisted
Multi-Step Incremental ADC with a Single Amplifier Achieving 96.6 dB SNDR over 1.2 kHz
BW?”, IEEE Custom Integrated Circuits Conference, Austin, TX (May 2017)

Y. Unno;T. Matsuura;R. Kishida;A. Hyogo, “Examination of Incremental ADC with SAR ADC
That Can Reduce Conversion Time with High Accuracy”, International Symposium on
Intelligent Signal Processing and Communication System, Taipei, Taiwan (Dec. 2019).

Y. Kobayashi, T. Matsuura, R. Kishida, A. Hyogo, “Investigation of Hybrid ADC Combined with
First-order Feedforward Incremental and SAR ADCs”, International Symposium on Intelligent
Signal Processing and Communication System, Taipei, Taiwan (Dec. 2019).

[10]W. C. Goeke, “An 8 12 Digit Integrating Analog-to-Digital Converter with 16-Bit, 100,000-

Sample-per-Second Performance”, Hewlett-Packard Journal, vol. 40, no. 2, pp.8-15 (April 1989).

19
J. Mech. Elect. Intel. Syst., Vol.5, No.2, 2022



