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Abstract—This paper proposes an Inter-Stage Gain Error
(ISGE) calibration method devoted to correct the residue gain
errors induced by the parasitic effects, non-ideal op-amp gain
and capacitor mismatch, and also the mismatches for supply-
derived reference voltages between two stages for Pipelined-
SAR ADC. The calibration reuses the SAR ADC to estimate
the overall inter-stage gain error and compensates it in the 2"-
stage DAC in 2 cycles, and it is implemented in a Pipelined-
SAR which achieves 10b 470 MS/s in 65nm CMOS with the
FoM of 31.5fJ/conv.-step by consuming only 6% of the total
ADC area (0.049mm?).

I

Many multi-step ADC architectures are sensitive to ISGE
which rely on digital calibration to improve the linearity
performance [1-4], and Pipelined-SAR ADC has been
proven with high power efficiency even at higher operation
speed [3-4]. Those designs employ the top-plate sampling
technique in both the 1°- and 2"-stage SAR, which is also
commonly used in SAR ADC to achieve high-speed SAR
operation with low switching power [5-6], however, the
implementation of this technique in the multi-step ADC
results in ISGE induced by the top-plate parasitic
capacitance. In addition, both designs introduce a split
Capacitive DAC (CDAC) structure in the 2"d—stage, which
reduces the loading of the op-amp to improve the speed of
amplification, and utilize the attenuator to scale down the
reference voltage from the supplies, thus avoiding using the
reference generator to achieve power saving. However, the
mismatch and parasitic of the attenuation capacitor also
contribute with ISGE. Therefore, those designs require off-
chip ISGE calibration in digital domain to achieve required
linearity. The method of digitally-adjusting the feedback
factor to compensate ISGE on-chip in pipeline ADC was
reported in [2], however, it requires an additional
comparator for measuring the gain error, which turns the
calibration quite sensitive to the offset errors of the
comparator and the op-amp. Moreover, a long calibration
period of 56 clock cycles needs to be consumed to correct
the gain error of one MDAC stage.
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This paper proposes an ISGE calibration to improve the
conversion linearity of the multi-step ADC architecture. The
method is implemented in a PI Pipelined-SAR ADC, which
utilizes the 2"-stage SAR to measure ISGE, and corrects it
by adjusting the gain ratio of the CDAC. Moreover, the
scheme cancels the offset errors of both the op-amp and the
comparator digitally during the gain measurement, thus
making the calibration insensitive to offset errors. The
scheme uses simple digital circuitry to calibrate the inter-
stage gain errors in each channel by only 2 conversion
cycles. The experimental results of a pipeline SAR ADC
prototype in 65nm CMOS demonstrate the effectiveness of
the calibration that achieves a SNDR of 55.71dB and a low
figure-of-merit (FoM) of 31.5fJ/conv.-step.

II. ISGE CALIBRATION TECHNIQUE

A. Conversion nonlinearity from ISGE

Fig. 1 shows a (i+j)-bit two-step SAR ADC with the
proposed ISGE calibration and its timing diagram. The
ADC architecture is composed of a i-bit SAR ADC in 1°-
stage and a j-bit one in 2"-stage, the op-amp located
between two stages is used for the residue amplification.
The input signal is sampled at the top-plate of the 1*-stage
CDAC. Then, after the coarse i-bit conversion, the IS‘—stage
residue V,,,; at the top plate of the DAC can be calculated
as

1% Vref]

out,l )
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where C,,; is the total sampling capacitance of the 1%-stage
CDAGC, S, (S,,€{0,1}) is n-th bit decision, Cp, is the top-
plate parasitic of the 1%-stage CDAC. It can be observed that
Cp; in the denominator reduces the SNR and contributes
with a gain error vy (le Cvum]/( Cvum]+ CP])) of the reference
voltage.

When the amplification phase g, is enabled, the 1*-stage
CDAC feeds back Cp to the op-amp’s output to obtain
Ay*V,,,; amplification. The closed loop gain is determined
by the open loop gain and the feedback factor. Owing to the
fact that top-plate parasitics of both stages contribute with
the major part of ISGE, here for simplicity, let us assume
that the open loop gain of the op-amp is sufficiently large
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Fig. 1 Two-step SAR ADC with the ISGE calibration and timing diagram.

and the gain error caused by the inherent capacitor
mismatch of Cy,,; and Cy, is not considered in the following
analysis, although they will be calibrated inherently during
the calibration process. Thus, after the 2"-stage fine 5b
conversion, the output voltage V,,,, of the DAC can be
deduced as

j-1
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where Cy,, is the total capacitance of 2“d-stage CDAC, and
Cp, is the top-plate parasitic of 2™-stage CDAC. Similar to
the effect of Cp; in the 1%-stage, Cp, in the denominator is
uncorrelated with the bit decision and only causes a
reference gain error v (Y2= Cyums/( Coumrt Cp2)) in the 2-
stage conversion.

The reference mismatch between two stages causes a
conversion nonlinearity that happens periodically at the

carry from 0---0]---1 to0---010---0 , which can be seen
t J

from the input-output characteristic of Fig.2.
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B. ISGE calibration technique

Based on the above discussion, the parasitic effect of Cp;
and Cp; can be equivalent to an inter-stage gain error o
(a=v1/y,), which directly reflects the reference mismatch
error between two stages. Ideally, a=1, indicates that the
references of both stages are scaled-down by the same ratio.
While o>1 or o<l means that the scaling-down ratio is
unbalanced. To implement a monotonic calibration scheme,
o is initially set to >1, which means the scaling factor of 2™
stage Vierona1s smaller than the one of the ISt-stage. This is
implemented by enlarging the reference voltage of 2"-stage.
To adjust a back to 1, the additional calibration capacitive
array (CDACc,) is added onto the top-plate of 2"-CDAC
and enabled or disabled partially according to the desired
gain ratio.

As seen from Fig. 1, the calibration circuit is composed of
a calibration capacitive array and an ISGE detector
including the subtractor and the mapping logic. When the
start phase @, is enabled, the CDACc, and the top plate of
1*-stage CDAC are reset to Gnd in the phase ®,.,. When the

gain measurement phase @, is enabled, one unit capacitor

Cy (Cy=C) is switched to +Vref to generate a reference
voltage of +1LSB (V. ;Lsg) at the top plate of ISt-stage. Then
the signal V. gp is amplified by 4, and passed to the next
stage DAC. The 2"d-stage SAR quantizes the 4%V gp to j-
bit digital code which is stored in a bit register for
calibration processing. Then, after the next reset phase, a
Vs is generated by switching C, to —Vref and the above
operation repeats once until the second j-bit code (Dgy5) is
acquired. The offset is cancelled by subtracting two output
codes (Do) and Dy, ) and the subtraction result ACode will
enter the mapping logic to feed back the corresponding
control logic to CDACc,. The mapping logic contains
several cases to compensate different a according to the
measured ACode as shown in Fig.2. The number of
calibration cases is determined by process variation, and the
step resolution in each calibration case is determined by the
ADC accuracy requirement, which will be analyzed next.

III. IMPLEMENTATION METHOD

The proposed ISGE calibration technique is implemented
on a 10-bit 470MS/s PI Pipelined-SAR architecture in 65nm
CMOS technology. As shown in Fig.3, the ADC consists of
a front-end shared 6bit 2b/cycle SAR, 2xTI Residue
Amplification CDACs (RAC), a residue amplifier and 2xTI
5b SAR ADCs. Two stages have one bit overlapping for
digital error correction. The additional bit performed by the
2"stage SAR is used for offset and gain calibrations.
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During the sampling phase ®, the input signal is sampled at
the top-plate of the 1%-stage 6b DAC and RAC,. In the
conversion phase ®,, the 1*-stage SAR solves the coarse 6b,
and when the conversion is completed, RAC; disconnects
from the 6b SAR and connects to the input of the op-amp to
perform the 4xresidue amplification. Meanwhile the 6b
SAR connects to RAC, to start a new conversion. In the
subsequent pipelined phase ®,, the 2"-stage determines the
remaining fine 5b code that is passed to the digital error
correction logic for the final 10b output. In this architecture,
two stages sample the signal at the top-plate of the DAC,
which implies that the conversion is quite sensitive to the
parasitic capacitance. Moreover, the attenuation solution
used in 2"-stage also introduces ISGE due to the mismatch
and parasitic of the attenuator. Thus the ISGE can be
calculated as,
a= Coni 1C(Co, +Cp 3 +C +Cp )+(C, , +Cp )(C,, +Cpp)] s (3)
(4 + CI'.A ) [Ca(cwb,Z + Cvd)+ C;ub,ZCvd]

where C,,,; is the total sampling capacitance including 1%-
stage CDAC and RAC, Cy,;,, is the total capacitance of sub-
array in the split-CDAC, Cp 4, Cpp and Cp ¢ are the top-plate
parasitic capacitance from 1¥-stage CDAC and both sides of
the 2"-stage split-CDAC respectively. After the layout
routing o is approximated to 1.127, considering the
mismatches of C, and process variation, the calibration
range covers the variation of a from a,,;,=1.05 to a,,,=1.25.

The calibration is implemented in the time-interleaving
fashion without changing the ADC control logic. To ensure
a>1, the V2,4 is scaled up initially by enlarging C, from
2. 13C to 2.46C and reducing C,; from 30C to 29C. The 1%-
stage CDAC 1is used to generate V. sg for ISGE
measurement and the 2"-stage SAR ADC is used to
quantize ISGE, the mapping logic determines the
corresponding calibration code based on the subtraction
result ACode, and feeds it back to control CDAC,,. Note
that the offsets of the op-amp and the 2™-stage comparator
need to be suppressed within 1/4V,,.5,4, otherwise the 2.
stage comparison will saturate its full scale.

Obviously, the estimation accuracy of a is directly related

sum|

with the resolution of 2™-stage SAR. Assuming that the
estimated value with error is a(l+e,), then enlarging Vr2nq
by a(l+¢,) results in the ISGE of 1-(1+¢,) after calibration.
Since the peak-to-peak residue swing in 2"-stage is
+1/32V,,; and considering Ib overlap for digital error
correctlon it requires the V2,4 €qual to £1/16V,,; and the
2" —stage SAR resolves 5-bit within Vs, leading to
0.5LSB,,~=1/2° Vref. So the tolerable error ¢, can be derived
as,

1 ‘/re
3 Vs €a< 2{ =£,<1.563%. )

This determines the resolution of Z“d-stage DAC for ISGE
estimation,

14
2;{1 <V, X0y, X1.563% = N >4.79. %)

Thus the 5-bit split-CDAC can satisfy the accuracy
requirement. In addition, since ACode is acquired from the
subtraction of the two digital codes, the split DAC with 1
more bit resolution is needed. In the calibration range from
1.05 to 1.25, there are totally 6 calibration logics which are
pre-set in the mapping logic to control CDAC,.

Meanwhile, the step size of CDACc, is also determined
by the calibration accuracy. Their relationship can be
expressed as,

Ca (Cxub 2nd + Cwl ) + Csub,2mlcwl
C + Ccuh 2nd

Thus, disconnecting 1C of CDAC¢, from Gnd enlarges V.
2na Y around 3.125%. The structure of CDACc, is designed
as shown in Fig.3. It is a binary-weighted capacitor array
with the custom designed unit capacitor (2umx2.4um
equivalent to 5.5fF), which is identical to the unit capacitor
of both stages, thus the calibration is immune to the
capacitance process corners. In the case of a,,;,=1.05, the
capacitance to be removed from CDAC, after calibration is
4C, while the one in the case of a,,,=1.25 is 9C.

To ensure the calibration accuracy, the capacitor
mismatch in CDAC,, should be less than 6% based on the
Matlab Monte-Carlo simulations. By careful layout less than
1% capacitor mismatch is easily achieved, thus ensuring the

AC,, = (£1.563%)x =+0.5C (6)
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Fig. 3 PI Pipelined SAR ADC with the implementation of the ISGE calibration and timing diagram.
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calibration accuracy. In addition, the switches in CDAC¢,
may also affect the calibration accuracy, because the
“floating” capacitor cannot be treated as ‘non-existent”
since the gate-source parasitic capacitance C,, is still
connected to the capacitor in series when the switch is off.
As a result, a minimum-size switch is used to reduce C,, to
about 0.1fF, which can be tolerated to ensure the calibration
accuracy.

The accuracy of =+ 1LSB residue generated for ISGE
estimation is also of concern. The capacitor mismatch of the
1*-stage CDAC is 10b based on the ADC resolution
requirement. The calibration precision can be guaranteed as
long as the capacitor mismatch accuracy can satisfy the
ADC’s overall requirement.

IV. MEASUREMENT RESULTS

The PI pipeline-SAR with the proposed ISGE calibration
technique has been fabricated in 1P7M 65nm CMOS with
low-Vr option. The chip micrograph is illustrated in Fig.4.
The active area is 0.049mm” with the calibration circuit
occupying only 6% of the total area. Fig.5 shows the SNDR
histogram of 20 measured chips. Compared to the work [3]
which used the off-chip code histogram statistic to calibrate
ISGE, the proposed calibration can effectively improve the
SNDR to a similar value. This is because the main
limitation of the ADC is from the noise instead of ISGE. A
chip with peak SNDR has been selected to be measured and
it exhibits the following results. Fig.6 shows the static
performances with calibration, where the DNL/INL is
0.475/0.782LSB, and Fig.7 exhibits the ADC’s dynamic
performance, which achieves a SNDR of 55.71dB with a
1.2MHz input and 54.76dB at Nyquist frequency. Fig.8
shows both the measured FFT @DC and near Nyquist input.
Table I summarizes the overall measured performance and
also the benchmark with state-of-the-art ADCs.

V.

A robust digital foreground inter-stage gain error self-
calibrating scheme implemented in a two-channel Pipelined
SAR ADC has been presented in this paper. This technique
achieves on-chip self-calibration, it is offset-insensitive, and
allows fast detection and accurate correction. The
measurement results demonstrate the effectiveness of this
gain error calibration technique which improves SNDR and
FoM.

CONCLUSIONS
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Fig.6 Measured DNL and INL.
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TABLE L. PERFORMANCE SUMMARY AND BENCHMARK
lassetr 10 viar 12 | issder 12 | ssder 11 This Work
Architecture Pipeline |Pipeline-SAR|Pipeline-SAR| Pipeline Pipeline-SAR
Technology (nm) 90 65 40 40 65
Resolution (bit) 10 10 1" 12 10
Sampling Rate (MS/s) 320 500 250 800 470
Supply Voltage (V) N/A 1.2 11 1/2.5 1.2
Area (mm2) 0.21 0.046 0.066 0.88 0.049
Power (mW) 42 8.2 1.7 108 (Cal. Poviet
DNL/INL (LSB) 0.7/0.9 0.48/1.1 0.8/1.5 0.4/2.1 0.47/0.78
SNDR (dB) 54.2 55.4 58.7 59 55.7
RO e ey S| 313 34 10 180 315
Gain Calibration Onchip Offchip Offchip Onchip Onchip




