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Abstract Alessandro.DAmato@ti.comThis paper describes
a second-order 3-bit incremental converter, which employs a
novel Smart-DEM algorithm to compensate for the mismatch
among unity elements of the multi-level digital-to-analog
converter. The design, which is fabricated in a mixed 0.18–0.5
lm CMOS technology, achieves 16.7-bit resolution over a
5-kHz bandwidth by using 256 clock periods per sample. A
single-step chopping technique leads to a residual offset of 9.7
lV. The measured power consumption is 280 lW and the
achieved figure of merit is 174.95 dB.

1 Introduction
Incremental analog-to-digital converters (ADCs) are valuable architectures for high-resolution and low-bandwidth
Nyquist-rate A/D conversion. The target applications are
sensors and instrumentation, such as readout of bridge
transducers and biomedical acquisition systems [1, 2]. The
advantages of incremental ADCs are good linearity, high
resolution, low offset and low power dissipation, [3].
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Although sharing the same structure of sigma–delta modulators (RDMs), incremental ADCs reset the output of
integrators periodically and provide a sample-to-sample
conversion. For very slow input signals, RD architectures
are not able to properly transform the quantisation error
into shaped noise because limit cycles generate tones at
low frequency. The incremental converter, being a Nyquist-rate architecture, does not exploit any spectral feature
of the quantization error. The equivalent number of bit
(ENOB) of an incremental modulator depends on the order
of the modulator, the number of clock cycles per sample,
the resolution of the quantizer and the digital post processing. Generally, to obtain a given resolution, higher
order modulators are more efficient since the required
number of clock periods is reduced. However, when the
order of the modulator is more than 2, the stability
requirement can limit the effectiveness of the architecture.
An incremental ADC can use 2-level or multi-bit
quantizer. Conventional solutions adopt 2-level quantization [4–8]. In this case, since the DAC uses only two levels,
it is inherently linear. Nevertheless, the relatively large
output swing of integrators may result in op-amps working
in slewing mode. Although employing multi-bit DAC can
significantly reduce the output swing of op-amps, the nonlinearity issue would severely degrade the modulator performance, if it were not properly compensated for. For
RDMs, the well-known dynamic-element-matching (DEM)
methods such as DWA, [9], are possible solutions. However, these methods are not efficient for incremental ADCs.
To the best of our knowledge, very few papers have studied
this problem. As an alternative solution, the work proposed
in [10] is a second-order modulator achieving 19-bit resolution using a 3-bit DAC with inherent linearity.
This paper describes a second-order incremental ADC
using 3-bit quantizer. The chosen architecture enables low
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swing of the op-amp outputs and a nearly rail-to-rail input
range. The mismatch among unity elements of the 3-bit
DAC is compensated for by a Smart-DEM technique, [11,
12]. A single-step chopping technique is employed to
cancel the offset. The organization of the paper is as follows: Section 2 revisits conventional incremental modulators. In Sect. 3, the architecture and circuit techniques of
the proposed incremental ADC are explained in detail.
Section 4 shows the circuit implementation and measurement results. Finally, conclusions are given in Sect. 5.

2 Incremental schemes revisit
2.1 First-order incremental converter
The first incremental ADC was proposed by Van De
Plassche in 1978 [13]. Figure 1 describes the block diagram
of a first-order incremental converter. It consists of an
integrator with one clock period delay, a 2-level DAC and
a comparator. The working principle is the following: at
the beginning of a conversion cycle, the output of the
integrator is reset. Because the frequency of input signal is
very low (several kHz at most), Vin can be regarded as a
constant signal, Vin . In each clock cycle, Vin subtracts Vout
and the difference is accumulated on the integrator, where
Vout is the analog version of the digital output Dout . At the
end of the N-th clock period, the residual voltage at the
output of the integrator is
Vres ðNÞ ¼

N 1
X
i¼1

Vin 

N 1
X

is the second term, which is determined by the residual
voltage of the integrator Vres ðNÞ and the number of clock
cycles N. Using (2), the resolution of a first-order incremental scheme can be derived as
R1ord ¼ log2 ðN  1Þ

ð3Þ

2.2 High-order incremental modulators
Unfortunately, the conversion efficiency of a first-order
incremental ADC is low. Methods for increasing the resolution are augmenting the number of clock periods N and
using more effective schemes with cascaded integrators.
High-order incremental ADCs, therefore, contain multiple
integrators with reset at the beginning of the conversion
cycle. The key points are to increase the accumulation
efficiency, maintain the stability of the structure and keep
Vres ðNÞ minimized [3–8, 10].
A conventional second-order incremental ADC is discussed here to illustrate how the conversion efficiency
changes compared with the first-order architecture. As seen
in Fig. 2, this structure has two delayed-integrators. Along
the signal path there are two coefficients c1 and c2 . In order
to keep the loop stable, two feed-forward paths are included with coefficients f1 and f2 . This scheme also employs a
comparator and a 2-level DAC. Using the same method,
Vres ðNÞ for this second-order structure can be expressed as
Vres ðNÞ ¼ c1 c2

N 1 X
i1
X

Vin  c1 c2

i¼1 j¼1

Dout ðiÞVref

ð1Þ

i¼1

where Vref \Vres ðNÞ\Vref holds. This is guaranteed by
the stability of the architecture. Thus, the input signal can
be estimated as below
PN1
Dout ðiÞVref Vres ðNÞ
ð2Þ
þ
Vin ¼ i¼1
N1
N1

N 1 X
i1
X

Dout ðjÞVref

ð4Þ

i¼1 j¼1

Similarly, the resolution of the second-order structure is
described as
R2ord ¼ log2

c1 c2 ðN  1ÞðN  2Þ
2!

ð5Þ

As can be seen from (2), the first term of the right-hand
side is the digital estimation of Vin . The quantization error

To compare the conversion efficiency of first-order and
second-order incremental ADCs, parameters N ¼
1024; c1;2 ¼ 1; f1 ¼ 1 and f2 ¼ 2 are chosen. According to
(3) and (5), the first-order scheme can provide 10-bit resolution while the second-order structure achieves 19 bit.

Fig. 1 First-order incremental ADC block diagram

Fig. 2 Second-order incremental ADC block diagram
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RLord

c1 c2 . . .L ðN  1ÞðN  2Þ. . .ðN  LÞ
¼ log2
L!

ð6Þ

In order to have a stable architecture, coefficients c1;2;...;L
are generally lower than 1.

22
20

16
14
12
10
8 1
10

2.3 Incremental modulators with multi-bit DAC
The use of a 2-level DAC ensures linearity. However, the
output swing of integrators is large and may result in opamps working in slewing mode. Moreover, when the order
of the scheme L is larger than 2, stability of the feedback
loop demands for the use of fractional coefficients along
the signal path, which degrades the conversion efficiency.
For example, in the third-order modulator described in [3],
c1 ¼ 0:5674, c2 ¼ 0:5126, and c3 ¼ 0:3171. Using (6) with
N ¼ 128, the resolution is 14.9-bit, which is 3.4-bit less
than the maximum achievable (with c1;2;3 ¼ 1Þ. Another
case is the fourth-order modulator reported in [14]. Coefficients c1 , c2 , c3 and c4 are 0.25, 0.4, 0.22, and 0.11,
respectively. With N = 128, the resolution is 14.6 bit while
the maximum theoretical resolution is 23.3 bit. The resolution lost in this case is, hence, more than 8.7 bit.
Figure 4 plots the resolution achievable with a second
(c1 ¼ c2 ¼ 1), third and fourth order (with coefficients
given above) incremental converter as function of the
number of clock periods N. The results are achieved with
schemes that use single-bit quantizers. The slope of the

Second Order
Third Order
Fourth Order

18

Number of Bit

A generalization of the scheme of Fig. 2 to an Lth-order
architecture is illustrated in Fig. 3, which includes L
delayed-integrators and feed-forward paths with coefficients f1;2;...;L . There is only one feedback path in the
scheme and L coefficients along the signal path c1;2;...;L . The
resolution of the Lth-order incremental ADC can be estimated as

2

10

3

10

Clock Periods
Fig. 4 Number of bit for different incremental order as a function of
the number of clock periods, N

three curves denotes the benefit of the high order, but the
coefficients used to ensure stability reduce the effectiveness of high order schemes. The third order has a better
resolution than the second order for N [ 36 and achieves
22 bit with 651 clock periods. The 8.7 bit loss of the fourth
order is such that the scheme becomes better than the third
order for N [ 157. It needs 456 clock periods to provide
22-bit resolution. Because of practical limits, real resolutions higher than 22 bit are very difficult to achieve.
Therefore, the benefit of high order schemes is limited with
single-bit quantizers.
On the other hand, the use of multi-bit DACs relaxes the
stability requirements, thus allowing c1;2;...;L higher coefficients, at the limit equal to 1. Nonetheless, the non-linearity
of a multi-bit DAC needs to be properly compensated for.
For RDMs, dynamic calibration, such as dynamic-elementmatching (DEM), is an effective way to compensate for

Fig. 3 Lth-order incremental ADC block diagram
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non-linearity of the DAC. Those methods work well with
RDMs but are not efficient for incremental ADCs.
2.4 State of the art of incremental ADCs
In order to obtain high resolution incremental ADCs, the
order of the scheme L can be increased and the residual
voltage Vres should be minimized. In 2006, a 22-bit thirdorder incremental modulator using 2-level quantization
was reported in [8]. To the best of author’s knowledge, it is
the incremental modulator which has achieved the highest
resolution in the open literature up to date. Moreover, a
fourth-order incremental modulator can be found in [5] and
the measured resolution is 16-bit.
To minimize Vres , the extended counting technique,
applied for the first time to a blend of RD modulation and
algorithmic conversion in [15], has been used. A secondorder incremental scheme with extended-range was reported in [7]. It consists of a conventional second-order
incremental modulator and a 9-bit SAR stage. The key
point is that after the first-stage generates a coarse residual
voltage Vres , the SAR ADC uses Vres to produce a refined
d
version V
res and the corresponding digital code. In this
case, the residual voltage is reduced and the performance
of the modulator is improved. Another technique which is
able to reduce Vres and avoids using extra stage was
reported in [16], in which the modulator performs a twostep conversion: firstly, the ADC operates as a conventional second-order incremental scheme and generates Vres ;
in the second-step, the modulator is reconfigured as a firstorder incremental structure and is used to refine Vres , whose
value is held by a voltage buffer formed by the second opamp of the modulator.
In recent years, novel incremental architectures based on
multi-bit quantization and DAC appeared. As discussed
previously, multi-bit incremental architectures benefit from
better conversion efficiency and stability than schemes
with 2-level DAC. Nonetheless, the non-linearity of multibit DAC needs to be properly compensated for. In [10], a
3-bit DAC, that uses a single capacitor and injects the
charge with a speed which is 8 times the analog sampling
frequency, is adopted to avoid the non-linearity problem.
This design achieves 19-bit resolution with 512 clock
periods.
Aiming for low-power dissipation, incremental ADCs
based on novel circuit techniques were also published
recently, [17, 18]. A 20-bit incremental modulator with
zoom ADC architecture was reported in [17]. To reduce the
power consumption, traditional op-amp based integrators
are replaced with inverter based counterparts, which gives
rise to 6.3 lW total power dissipation and the best FoM
(182.7 dB) up to now. In [18], a conventional second-order
incremental structure is implemented with a self-timed
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technique instead of a synchronized clock scheme. The
charge transfer circuits are implemented with a gated
current source (GCS) and a zero-crossing detector (ZCD),
which are used to replace the op-amp based integrators.
Although the obtained 14-bit resolution is relatively low
with respect to incremental ADCs using op-amps, it is still
a good trial towards all digital implementation of incremental modulators.

3 Proposed scheme and circuit description
The goal of an incremental converter is to maximize the
number of accumulations of the input signal and not to
shape the quantization noise. Therefore, incremental
architectures just focus on ensuring stability. This allows
the designer to use schemes that optimize the feedback
factor of op-amps; the required unity gain frequency is
minimized and power diminishes. The scheme used here
follows this strategy. It replaces the analog feed-forward
paths used in the RD counterpart, [19], with digital feedforwards. They are summed up in the digital domain
without requiring a more cumbersome operation in front of
the quantizer.
Figure 5 shows the architecture. It is the cascade of two
sampled-data integrators (one without delay, the other with
delay) with three ADCs, which digitize the input signal and
the outputs of the two integrators. The digital output is the
addition of the three A/D conversions. The quantization
step of each ADC is VFS =8, where VFS is the full scale
voltage whose value is twice of the analog reference
voltage Vref . For such a second-order modulator, the
maximum achievable resolution is
R2ord;mult ¼ log2

NðN  1Þ
þ bq
2!

ð7Þ

where N is the number of clock cycles per sample and bq is
the resolution of the quantizer. With N ¼ 256 and bq ¼ 3,

Fig. 5 Proposed second-order 3-bit incremental ADC block diagram
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R2ord;mult is equal to 17.99-bit. The full scale value is
261,120. The use of digital feed-forward operates similarly
to the analog counterpart. It reduces the swing of op-amps
which becomes lower than 0.4 Vref . This allows using for
ADC2 and ADC3 only 4 comparators. The SDEM block,
whose function will be described shortly, processes the
modulator output to properly select the unity elements to be
used in the multi-level DAC.
The designed circuit is the fully differential version of
the schematic of Fig. 6. The first SC integration includes
chopper at input and output to cancel the offset. At the
beginning of the conversion, switches reset the operational
amplifiers. Six switched unity capacitors used in a bipolar
fashion implement the DAC. The permitted over-range
enables a full dynamic of the input signal. The capacitances
used in the second stage are 8 times smaller than the ones
of the first stage because the effect of the kT/C noise is
attenuated.
3.1 Analog section chip design
As mentioned, the use of a bipolar DAC allows us to use
only 6 unity elements instead of 12. The left terminal of

667

each DAC capacitors, Cu , can be connected to Vref or Vref
either during Uq or U2 . As specified by the Table in Fig. 6,
controls A1 and A2 provide positive, negative or null
injection. The same capacitors and same references make
exactly symmetric positive and negative injections. A unity
capacitance of 450 fF makes the kT/C noise negligible.
The first op-amp scheme, shown in Fig. 7, is a fully
differential recycling folded cascode amplifier, [20], with
discrete time (DT) common mode control (not shown in the
figure). VB1 and VB2 are biasing voltages generated by a
bias circuit not shown in the figure while VCM is the
common mode voltage. The scheme, derived from conventional folded cascode implementation, boosts the gain,
bandwidth and slew-rate without affecting noise performance or introducing additional offset. The simulated DC
gain and GBW are 95 dB and 19 MHz, respectively. The
second op-amp is a conventional fully differential folded
cascode amplifier with 83-dB gain and 21-MHz bandwidth.
The offset cancellation in incremental converter is not a
plain task as it is for an amplifier. It is necessary to take the
offset effect into account throughout the conversion cycle.
The offset of the first op-amp, Vos;1 , causes a step at its
output and a staircase at the output of the second op-amp.

Fig. 6 Proposed second-order
3-bit incremental ADC
schematic diagram
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The number of steps equals the number of clock periods
from the step being considered to the end of the conversion. Therefore, the offset at the output is multiplied by
(N-1)(N-2)/2 as the input signal. The use of the conventional chopper stabilization technique gives rise, at the
output of the first integrator, to a time sequence Vos;1 , 0,
Vos;1 , 0, Vos;1 , 0 and so forth. The second integrator accumulates the sequence, giving rise to Vos;out ¼ Vos;1 N=2,
which referred to the input gives

VDD
VCMFB

M14

VCMFB

M1

VB1

VIN+

M17

VIN-

M13
VOUT-

VCM

M12

VCM

M2

M3

M4

M6

M5
M7

VCM

M16
VOUT+

VCM

M15

VB2
M8

M9

M10

M11

Vos;in ¼ Vos;1

VSS

Fig. 7 First op-amp schematic diagram

N Clock Periods

K Clock Periods

chp

¼ a1 Vos;1 þ a2 Vos;2 :

Time

(a)

Figure 8 (a) illustrates the chopping clock phase Uchp with
respect to U1 and Urst . By trimming the value of K, it is
possible to obtain a value of a1 which compensates for both
offset sources. Figure 8 (b) plots the value of a1 versus K.
If N ¼ 256 and K ¼ 181, the offset of the first op-amp is
multiplied by a1 ¼ 5:1  103 while a2 ¼ 7:9  103 .
Vos;1 diminishes by a factor 196 and Vos;2 is naturally
reduced by 127. For different values of N, there are corresponding optimal values of K.

1.0
0.8
0.6

K=181
a1=5.1e-3

1

0.4
0.2

Value of

ð8Þ

In addition, it is necessary to take the offset of the
second op-amp, Vos;2 , into account. This circuit uses the
single-step chopping method, [10]. If the single-step
chopping occurs at the K-th clock cycle out of N, the offset
of the first op-amp, Vos1 , reverses while Vos2 is unchanged.
The input referred offset becomes


2ðK  1ÞðK  2Þ
2
Vos;2
Vos;in ¼ 1 
Vos;1 þ
ðN  1ÞðN  2Þ
N 2
ð9Þ

1

rst

N
ðN  1ÞðN  2Þ

0.0
-0.2
-0.4

3.2 Digital section chip design
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200

225

When the incremental converter uses a multi-level DAC,
the mismatch among elements affects the INL. This design
compensates for the mismatch by using a Smart-DEM
algorithm. The DAC uses 6 elements. Let us represent the
mismatch for each unity element with i ði ¼ 1; 2; . . .; 6Þ.
Since the mismatch sums to zero (otherwise it could be
considered as a gain factor), we have:

250

K-th Clock Period

(b)
Fig. 8 a Single-step chopping clock; b The value of a1 as a function
of the K-th clock period

RESET
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0
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W(1)=254
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T=2

T=2
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C4
C3
C2
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507
254
254
254
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C1
C4
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C2
C6
C5

253
1
1
1
0
0

End of T=256
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C1

2
1
1
1
1
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Fig. 9 Status of the weights in SDEM block with Vin ¼ 0:926 Vref . The range of Dout is from 0 to 12 and the common mode level is 6
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1 þ 2 þ . . . þ 6 ¼ 0

669

ð10Þ

AUXILIARY
MEMORY

MEMORY

As mentioned, the error caused by the mismatch of the
DAC depends on the injection time. If an error enters K
periods before the end of conversion, then the first integrator stores it until the end of conversion. The second
integrator accumulates it K times, thus leading to an
amplification by K. Therefore, a given mismatch entered at
the input, multiplied by the amplifying factor, piles up at
output. For negative inputs, the error is added to the
complementary elements. The total error tot can therefore
be represented by the summation of the weighted mismatches, which can be expressed as
tot ¼ W1 1 þ W2 2 þ . . . þ W6 6

3

6

2

5

5

4

1

3

4

2

6

1

P1

CLK and
RESET
GEN

WEIGHTS
GEN

SDEM
CROSS
NETWORK

SDEM
FINITE STATES MACHINE
5-levels

6

6

z-1

ADC2

5-levels

P2

+

ADC3

+

DOUT

SDEM
DECODER

A1 A2

+

9-levels

VIN

ð11Þ

where Wi are the weights for each mismatch
i ði ¼ 1; 2; . . .; 6Þ. During data conversion, the Smart-DEM
algorithm equalizes the piling up of errors by choosing for
every clock cycle the set of elements with lowest accumulated weights. In other words, the Smart-DEM algorithm balances the Wi , thus minimizing tot . The ideal case
is when all the weights Wi are equal: using (10), tot is
equal to 0. The flow of the Smart-DEM algorithm is as
follows:
Step 1: before starting a new conversion cycle, reset the
total weights of all the elements Wi ði ¼ 1; 2; . . .; 6Þ to zero.
Step 2: in each clock cycle, select the unity elements
with the minimum weight. If it is the last clock period,
jump to Step 4.
Step 3: calculate the weight of the current clock period
WðKÞ ðK ¼ 1; 2; . . .; NÞ and update the weights of the
elements selected, then go back to Step 2.
Step 4: finish the conversion cycle.
Figure 9 gives an example on how the weights change
inside the SDEM block for Vin ¼ 0:926Vref . Before data
conversion starts, the weight of each element is reset to 0.
In clock cycle 1, the input of SDEM is 10, which means 4
elements should be used (the decimal value of Dout ½12 : 1
is from 0 to 12, with a common mode value of 6).
Therefore, unity elements C1 , C2 , C3 and C4 are chosen and
the corresponding weight 254 is updated. After that, the
weight array is sorted and the larger values are moved at
the top of the stack. In clock cycle 2, the input for SDEM is
9 and 3 elements with the minimum weight are selected
(C5 , C6 and C1 ). However, the corresponding weight of this
clock period changes to 253 and it should added to the
existing weights. After sorting, the minimum weight in the
array is subtracted to all the weights to avoid hardware
overflow. Finally, after 256 clock periods, Wi ði ¼
1; 2; . . .; 6Þ is no more than 2 and the total effect of the
mismatch is negligible.
Figure 10 shows the block diagram of the Smart-DEM
algorithm implementation of this design. The summation of

ADDER 1
ADDER 2
ADDER 3
ADDER 4
ADDER 5
ADDER 6

ADC1

Fig. 10 The block diagram of Smart-DEM implementation

Φrst
16 Tsdem
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16 Tsdem
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8 Tsdem
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8 Tsdem

Φsdem
32 Tsdem
Fig. 11 Clock phases used in Smart-DEM block
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COMPARE
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19Tsdem
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DAC Charge
(Φq =1)
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Fig. 12 States transition diagram of SDEM finite state machine

123

Author's personal copy
670

Analog Integr Circ Sig Process (2015) 82:663–674
T=2 (18TSDEM)
SFSM=INSERT

C5

253

T=2 (19TSDEM)
SFSM=COMPARE

T=2 (20TSDEM)
SFSM=SHIFT

T=2 (21TSDEM)
SFSM=COMPARE

C4

254

C4

254

C4

254

C4

254

C3

254

C3

254

C3

254

C3

254

C2

254

C2

254

C2

254

C2

254

C1

507

C1

507

C1

507

C1

507

C6

253

C5

253

PTR

C5

253

C6

253

C5

253

PTR

C6

253

C6

253

C6

253

C6

253

C5

253

C5

253

C5

253

C5

253

T=2 (23TSDEM)
SFSM=COMPARE

T=2 (22TSDEM)
SFSM=SHIFT
254

C4

254

C4

254

C3

254

C3

254

C3

254

C2

254

C2

254

PTR

PTR

C4

254

C3

254

C1

507

C2

254

C1

507

C2

254

C1

507

C1

507

C1

507

C1

507

C2

254

C1

507

C2

254

C1

507

C6

253

C6

253

C6

253

C6

253

C6

253

C6

253

C6

253

C6

253

C5

253

C5

253

C5

253

C5

253

C5

253

C5

253

C5

253

C5

253

T=2 (27TSDEM)
SFSM=COMPARE

T=2 (26TSDEM)
SFSM=SHIFT
PTR

PTR

T=2 (29TSDEM)
SFSM=SCALE

T=2 (28TSDEM)
SFSM=SHIFT
PTR

PTR

T=2 (25TSDEM)
SFSM=COMPARE

T=2 (24TSDEM)
SFSM=SHIFT

C4

PTR

PTR

C4

254

C4

254

C1

507

C4

254

C1

253

C1

507

C3

254

C1

507

C3

254

C4

254

C3

254

C4

1

C3

254

C2

254

C3

254

C2

254

C3

254

C2

254

C3

1

C2

254

C1

507

C2

254

C1

507

C2

254

C1

507

C2

1

C6

253

C6

253

C6

253

C6

253

C6

253

C6

253

C6

0

C5

253

C5

253

C5

253

C5

253

C5

253

C5

253

C5

0

1200
SDEM Enabled
One Step Chopping
Mean = 0.85 LSB
Std Deviation = 0.86 LSB

1000

SDEM Enabled
Mean = 155.7 LSB
Std Deviation = 0.87 LSB

Count

800
SDEM Disabled
Mean = 160.8 LSB
Std Deviation = 1.58 LSB

600

Power Spectral Density [dB]

Fig. 13 Insert-sorting algorithm example for the proposed second-order incremental ADC (Vin ¼ 0:926 Vref and T ¼ 2)
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the outputs of the three quantizers Dout is an integer number
ranging from 0 to 12. The SDEM encoder transforms Dout
to two temporary control signals A1t ½6 : 1 and A2t ½6 : 1.
Under the control of the SDEM finite state machine (FSM),
the weights corresponding to the current clock period are
calculated. The insert-sorting algorithm orders the results,
temporarily stored in the auxiliary memory. The cross
network uses the new order of elements in the next clock
period to give rise to the A1 ½6 : 1 and A2 ½6 : 1 output
control signals.
As shown in Fig 6, clock phases U2 , Uq , Urst and Usdem
control the SDEM. The master clock Usdem runs 32X of
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Fig. 15 Measured output spectra

the analog sampling clock U1 as depicted in Fig. 11.
When Uq is high, the SDEM FSM uses the current Dout
and its internal memory to generate the control signals
A1 ½6 : 1 and A2 ½6 : 1. The operation takes 2Tsdem . The
remaining 6Tsdem is used by the DAC to charge the unity
capacitors. When U2 becomes high and Uq turns low,
A1 ½6 : 1 and A2 ½6 : 1 control the bipolar DAC to properly
inject the charge on the first integrator. Meanwhile,
SDEM FSM updates its internal status and prepares a new
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Figure 13 gives an example on how the insert-sorting
algorithm operates. The auxiliary memory contains a copy
of the primary memory, which is reset except the cell at the
bottom of the array, in this case the index of C5. The index
of the cell at the upper level (the one marked C6 pointed by
PTR in Fig. 13) is compared and placed on the corresponding position in the primary memory if its value is
equal or higher than the one at the lower position. Otherwise it is inserted at the lower level. The last step consists
in subtracting the minimum weight value from the combined weight of all the cells.

Fig. 16 Measured DNL

4 Implementation and experimental results
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Fig. 17 Chip microphotograph

sorted table of weights for the operation of the next clock
period.
Figure 12 illustrates the SDEM FSM states transitions.
During the first 8Tsdem (see Fig. 11), the FSM is in the
START state, waiting for the second integrator to inject the
required charge. In the following 8Tsdem , the FSM reaches
the OUPUT state through the DECODE state. At this time,
the circuit receives the signal Dout and generates two
temporary control signals A1t ½6 : 1 and A2t ½6 : 1. These
signals, combined with the weights table stored in the
SDEM primary memory, give the control signals A1 ½6 : 1
and A2 ½6 : 1 driving the bipolar charge. During the 16Tsdem
in which U2 is high, the SDEM FSM updates, sorts and
scales the weights of the unity elements.
Sorting is performed by using the so-called insert-sorting algorithm. The operation takes 10Tsdem including the
time required to sort the weights in the backup memory and
to copy them back into the primary memory. The FSM
goes through the UPDATE, INSERT, SHIFT and COMPARE states before reaching the last state, SCALE. In this
state, the minimum weight value stored in the primary
memory is subtracted to all the weights in order to prevent
hardware overflow.

An experimental prototype, fabricated in a 0.18–0.5 lm
CMOS technology with dual poly and six metal layers,
verifies the performances. The analog supply voltage is 3.3
V; the digital section operates with 1.5 V supply. The
analog sampling frequency is 10 kHz for an analog clock of
2.56 MHz. The digital section (about 1,200 gates) implementing the Smart-DEM algorithm runs at 82 MHz. The
cascade of two accumulators with reset processes the digital output of the incremental part for 256 clock periods to
generate the expected full scale value, 261,120. The digital
output is the addition of the three ADCs. The measured
converter power consumption is 200 lW for the analog and
80 lW for the digital part.
Figure 14 gives histograms of 2,048 repeated measurements on the same part with zero input. The three histograms are for SDEM disabled, SDEM enabled, and SDEM
enabled plus single-step chopping at K ¼ 180. The standard deviation of the histograms measures the input
referred noise voltage. It is 1.58 LSB (18 lV) and 0.87
LSB (10 lV) without and with SDEM. Indeed, mismatch
increases the inaccuracy. The mean of the histogram
measures the input offset (160.8 LSB = 1.84 mV and 155.7
LSB = 1.78 mV, respectively). Again, the mismatch causes
the difference. The single-step chopping at K ¼ 180 leads
to a1 ¼ 16:1  103 ; the residual offset becomes 0.85 LSB
(9.7 lV). The result indirectly estimates a 2.42 mV offset
for the second op-amp.
The linearity of the converter mainly depends on the
linearity of the input-output response of the first op-amp.
The scheme of Fig. 6 shows a gain better than 70 dB when
the op-amp output voltage ranges from 1.05 to 2.25 V with
VDD = 3.3 V. The use of reference voltages (provided
externally) equal to 3.15 V and 0.15 V brings the operation
in the low gain region, thus giving rise to harmonic distortion, as shown in Fig. 15. It shows the converter output
spectra (FFT with 2,048 points) with 2 dBFS sine waves
at 833.3 Hz and 4.135 kHz, respectively, with and without
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Table 1 Performance summary and comparison table of this work with recently published incremental converters
This work

CICC [22]

ISSCC [17]

ISSCC [18]

AICSP [10]

JSSC [7]

SSCv [8]

Year

2015

2014

2013

2013

2012

2010

2005

BW (Hz)

5 9 103

250

12.5

667

1 9 103

500 9 103

7.5

FS (Hz)

10 9 103

96 9 103

25

1.333 9 103

2 9 103

1 9 106

15

SNDR (dB)

105

90.8

119.8

81.9

110.7

86.3

123

Power (mW)

0.28

10.7 9 10-3

6.3 9 10-3

19.9 9 10-3

6

38.1

0.6

VDD (V)

3.3

1.2

1.8

1.0

3.3

1.8

2.7–5.0

Technology (lm)

0.5–0.18

0.065

0.16

0.16

0.6–0.18

0.18

0.6

FOMW (fJ/conv-step)

260

760

314.8

1475.7

5722

1460

9537

FOMS (dB)

174.95

173.5

182.7

157.1

162.8

160.3

166.4

SDEM. The harmonic distortion depends on both capacitors mismatch and first op-amp limitation. Without SDEM,
the measured SNR is 82 dB and harmonics are significant.
Using SDEM eliminates the capacitors mismatch contribution, showing the harmonic distortion caused by the opamp. With low frequency input signal, the measured SNR
is 105 dB, equivalent to 17.15 bit. The SNR at Nyquist
drops by 1.3 dB with a loss of 0.22 bit. Third harmonic
distortion dominates the SFDR: 92 dB with low frequency signal and 90 dB when the signal is close to the
Nyquist frequency. The use of references equal to 2.775
and 0.525 V limits the swing of the first op-amp output and
totally eliminates the distortion tones at the expense of a
2.6-dB loss in the measured SNR, equal to 102.4 dB. The
achieved FoM is 174.95 dB, following the Schreier’s formula, [21], while it is equal to 260 fJ/conversion-step when
using the Walden’s expression.
Figure 16 illustrates the DNL obtained with the sine
wave histogram method and an input sine wave of 50
mVpp . The limited explored interval comes from the
instrument’s memory (8Mb). The measured DNL within
the ½0:8; 1 LSB range confirms the value of the measured
SNR.
The chip microphotograph with main circuital blocks
highlighted is given in Fig. 17. The active area is 1,270 
900 lm2 (the chip area is 1,600 1,300 lm2 ). To avoid
interferences, a shield of top metal completely covers the
DAC capacitive array. The area of the SDEM is only 6 %
of the active area.
Table 1 summarizes the performance achieved by this
design and provides a performance comparison of this
work with other recently published incremental converters.

5 Conclusion
Multi-bit quantization in incremental converters is possible
only if the unity elements mismatch is carefully compensated for. Since conventional DEM methods used for
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RDMs are not suitable for incremental schemes, a SmartDEM algorithm effective for reducing mismatch effects in
multi-level DACs of incremental converters is proposed.
The technique has been applied to a 3-bit second-order
incremental converter. Experimental results show that the
circuit is able to achieve a resolution of about 17 bit over a
5 kHz bandwidth with 256 clock periods while consuming
280 lW. The achieved FoM is 174.95 dB.
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