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them less sensitive to gain degradation effects. Therefore, only

offset degradation in the buffer and the comparator are

considered to be crucial and are incorporated in the above

equations. Hence if Vjg pyrr and Vpg comp represent the offset

voltages of the buffer and the comparator respectively then the

above equations for Vz and V, can be rewritten as:

if Ssamprs’ = closed )
= Ver + Vospurr  Uf Sger = closed

Ve = Vs = —(Vix + Vossurr + Voscomr) during hold phase 6)

if Ssampre’ Ssamprs-and Sp*,So", ..., Sy_1 ' = closed

Ve =Va+Vossurr = Vin +Vossurr

Similarly, after N-steps during the redistribution phase, V.
can be rewritten as:

C,
VC = _(VIN + VOS,BUFF + VOS,COMP) + —HCL (VREF + VDS,BUFF) (7)

Ch+

This equation shows that the comparator offset voltage will
be added only to the analog input voltage (V;y). Whereas, the
buffer offset voltage will be added to both the analog input
(Viy) and reference voltage (Vggp). In other words, the
degradation in the buffer and the comparator offset voltages
will change the voltage value at the comparator input and
hence the digital output of the ADC. These degradations in the
buffer and the comparator offset voltages have been
incorporated in the buffer and comparator models. The next
two sections will discuss how these degradations will affect the
static and the dynamic performance parameters of the ADC.

IV. ADC PERFORMANCE ANALYSIS

The sine-wave histogram method is one of the widely used
methods for ADC testing [11]. Tt is normally used to obtain
ADC static parameters like the offset (Vpg), gain (G),
differential nonlinearity (DNL), and integral nonlinearity
(INL). Some on-chip histogram test methods have also been
reported in literature [12]. This makes the sine-wave
histogram-testing method a suitable choice for estimating the
ADC static performance parameters. Similarly, a full scale
sine-wave input having a peak value of 2V~ has also been
used to estimate the ADC dynamic parameters like signal-to-
noise and distortion (SINAD), total harmonic distortion (THD),
and effective number of bits (ENOB). Following are the
equations [11] that have been used in order to calculate static
and dynamic parameters of the ADC in LabVIEW.

The offset is calculated using:

_ cos[mH(0)/N,] = cos[mH (2" — 1)/N,]
95 ™ cos[mH(0)/N,] + cos[tH(2N — 1)/N,]

@ -1 ®)

Here N, denotes the total number of samples used in the
histogram method whereas H(0) and H(2V — 1) represent the
number of hits at the lower and the upper codes respectively.
Similarly, the DNL error (DNLE) is calculated using:

H()

DNLE(Q) = — i=1,2....,28N-2 9
Higey (D) ©)
where
N i1 =2Y — 1=V
Hige (@) = ?t [sm : (f
i+1-2VN-1-Y,
—sin™t (f"*g)] (10)
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Figure 3: Block diagram of the ADC performance-analysis system realized in
the LabVIEW environment.

Table 1: Confidence level and the corresponding common values of *Z, /2’

Confidence Level | Value for Z,/2 J| Confidence Level | Value for Z, /2
70% 1.040 92% 1.750
75% 1.150 95% 1.960
80% 1.280 96% 2.050
85% 1.440 98% 2.330
90% 1.645 99% 2.576
and
. 2V — 1V,
A = Amplitude = (11)

cos[mH(2N — 1)/N,]

The total number of samples used (N;) are calculated by
using the following equation depending on the different levels
of confidence used for the DNL error (DNLE) resolution [13].

2N71 Z“ 2 2
T2/

Here ‘Z,/2’ represents the confidence level which has
common values as summarized in Table 1 [13]. The ‘N’
denotes the ADC number of bits and ‘S’ the required DNLE

resolution. Furthermore, the INL error (INLE) and gain (G) are
calculated using the following equations [11]:

12)

13
INLEG) = Z DNLE(K),  i=12...,28—2 (13)
k=1
1 2N_2
61— Z DNLE(D) (14)
&

The following equations have been used to calculate the
dynamic parameters [14]:

SNR = 201 RMS value of FS Sinewave ] 15
- 0910 RMS value of Quantization Noise as
Va2 A Vis® v+ Vi
THD = 20 log,y |[-22—23 : L (16)
Vs
SNR THD

SINAD = =10 logy, [10™ 0 + 10710 | 17)
ENOB = [SINAD — 1.76]/6.02 (18)

V. SIMULATIONS AND RESULTS

In order to investigate the degradation in the ADC
performance parameters (static and dynamic) as a result of the
degradation in its chosen building blocks, a performance-
analysis simulation setup has been constructed in the
LabVIEW environment as shown in Fig. 3. This performance-
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Figure 4: 12-bit ADC (a) output offset {LSB}, (b) output offset {mV}, and (c) gain degradation as a result of the degradation in the buffer offset voltage
(—=10mV < Vpspyrr < 10mV) and the comparator offset voltage (—10mV < Vg copp < 10mV).
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Figure 5: 12-bit ADC output differential nonlinearity error (DNLE {LSB}) (a) mean, min, max, (b) standard deviation, and (c) output integral nonlinearity error
(INLE {LSB}) mean, min and max as a result of the degradation in the buffer offset voltage (—10mV < Vjg pyrr < 10mV) and the comparator offset voltage
(=10mV < Vpscomp < 10mV).

analysis system consists of a flexible sine-wave generator
where amplitude, frequency, dc value, duration and number of
samples produced can be changed by the user. The number of
samples generated corresponds to the ADC number of bits, the
DNLE resolution and the confidence level used as shown in
(12). The ADC is realized in the LabVIEW environment based
on the equations (1)-(7). Separate control structures are used to
provide the desired reference voltage (Vzgr) and possible
variations in the buffer and the comparator offset
(Vos,purr:Vos,comp) Vvoltages as shown in Fig. 3. The
implemented ADC has a flexible architecture where input
voltage, reference voltage and number of bits for digital output
(Doyr) can be changed as explained above. The output of the
ADC has been stored in a memory which is further used to
calculate the static and the dynamic performance parameters
using equations (8)-(18) as discussed in the previous section.
The amplitude of the input sine-wave has been taken
slightly greater than the full-scale voltage (Amplitude >
FS Voltage) for calculating the static parameters using the
histogram based method as explained in the previous section.
On the other hand, for dynamic parameters the amplitude of the
input sine-wave has been taken equal to the full-scale voltage
(Amplitude = FS Voltage) of the ADC. Table 2 further
summarizes the values that have been used for analysing the
static and the dynamic performance parameters of the ADC.
Twelve bits (12-bits) being in between the high and low

68

resolution ADCs have been used for simulating the ADC
performance-analysis system. Similarly, actual degraded values
of the buffer and the comparator offset values at different stress
points in time can be used as discussed in [7]. However, for
illustrative purposes, a range of values in-between +10mV has
been used for the change in the buffer and the comparator
offset voltages as a result of aging effects.

Figures 4(a) and 4(b) show respectively the degradation in
the output offset of the 12-bit ADC in LSB and mV as a result
of degradation in the buffer and the comparator offset voltages.
There is a linear relation between the buffer and the comparator
offset voltage vs the ADC output offset voltage. A nonlinear
relation can be seen between the output offset voltage vs stress
time as a result of nonlinear degradation effects. The offset is
shown in two different units because the LSB unit gives a
better view of the digital granularity and the mV unit gives a
better view of the analog granularity. An interesting point to
note here is that the 1 mV change in the buffer offset results in
0.5 mV change in the output offset voltage and the 1 mV
change in the comparator offset results in 1 mV change in the
output offset voltage as shown in Table 3.

Similarly, Fig. 4(c) shows the change in gain of the 12-bit
ADC, which has almost no effect, as a result of degradation in
the buffer and the comparator offset voltages. Furthermore,
Figures 5(a), 5(b), 5(c) and 6 show the DNLE and INLE mean,
minimum, maximum and standard deviation values. It is clear
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Figure 6: 12-bit ADC output integral nonlinearity error (INLE) standard
deviation {LSB} as a result of the degradation in the buffer offset voltage
(—10mV < Vyspyrr < 10mV) and the comparator offset voltage (—10mV <
Voscomp < 10mV).

SINAD [dB]
THD [dB]

(@

Buffer Offset [mV] -10 .10

Table 2: Values used for static and dynamic performance parameters in the
ADC performance-analysis system shown in Fig. 3.

Parameter Values for Static Parameters | Values for Dynamic Parameters
ADC No. of Bits 12 12
Amplitude 2.54 [V] | 2.50 [V] |
Frequency 100000 [Hz] 100000 [Hz]
DC Value 2.50 [V] | 2.50 [V]
Duration 1[s] 1 [s]
Samples 2471678 2471678
Reference Voltage 5[V] | 5[V]
Buffer Offset MIN Value -10 [mV] -10 [mV]
Buffer Offset MAX Value 10 [mV] | 10 [mV]
Comparator Offset MIN Value -10 [mV] | -10 [mV]
Comparator Offset MAX Value 10 [mv] 10 (mv]

Table 3: 12-bit ADC output offset values extracted from Fig. 4(b).

Vs anc Vos comp = =10 mV | Vos coup = 00 m¥ | Vos coup = 10mV |
Vos pyer = —10mV -15.03 [ 05.01 | 05.01
Vos gurr = 00 mV -09.99 00.00 . 09.99 |
Vos purs = 10 mV’ 04.99 04.99 14,97

1.5

10.5

ENOB [BIT]

Buffer Offset [mV] 410 .10

Comparator Offset [mV] Comparator Offset [mV]

(©

Figure 7: Output (a) signal-to-noise and distortion (SINAD {dB}), (b) total harmonic distortion (THD {dB}), and effective number of bits (ENOB {BIT})
degradation of the 12-bit ADC as a result of the degradation in the buffer offset voltage (—=10mV < Vj5 pyrr < 10mV) and the comparator offset voltage
(=10mV < Voscomp < 10mV).

Table 4: SINAD, THD, and ENOB values extracted from Figures 7(a), 7(b)
and 7(c).

SINAD
THD Voscomp = —10mV | Vog coup =0mV | Vog coup = 10 mV
ENOB
55.68 62.52 62.52
Vos pupr = —10 mV -61.11 -69.68 -69.68
8.957 009 10.09
62.51 T 73.98 i 62.51
Vos pupr = 0mV -69.70 ! -104.50 I -69.70
__ae0s __t_ a0 T o
I 73.98 H 73.98 H 62.51
Vosgupr = 10mV -107.30 . -107.30 1 69.67
L__Jzo0 3 1200 3 10.09

from these figures that the DNLE and INLE values for each
output code for a 12-bit ADC are very small as a result of the
degradation in the buffer and the comparator offset voltages. In
other words, among the different static parameters the output
offset is severely affected while the gain, DNLE and INLE
parameters are hardly affected due to the degradation in the
buffer and the comparator offset voltages.

Figures 7(a), 7(b) and 7(c) show the degradation in SINAD,
THD, and ENOB of the 12-bit ADC as a result of the
degradation in the buffer and the comparator offset voltages. It
is clear from these figures that the SINAD, THD, and ENOB
become worse as the buffer and the comparator offset voltages
move towards the —10mV value. This is because of the fact
that according to (7) the comparator offset voltage will try to

cancel the buffer offset voltage. However, the DAC capacitor
array will introduce some part of the buffer offset voltage at
node C (Fig. 1). This will saturate the comparator in one
direction and will introduce distortion in the actual value. This
distortion will further lead to reduction of SINAD, THD and
ENOB. Some of the values extracted from these figures are
summarized in Table 4, which shows that the best values of
SINAD, THD, and ENOB are achieved in the triangular region
formed by the highlighted dotted-red outlines. In other words
all the dynamic parameters are severely affected due to the
degradation in the buffer and the comparator offset voltages.

VI. CONCLUSIONS

In this paper the performance degradation of the static and
the dynamic parameters of a charge-redistribution SAR ADC
due to aging effects have been analysed. The well-known
technique to sub-divide the whole system into sub-building
blocks and incorporating degradation effects in each individual
building block has been simulated using system-level models.
A flexible performance-analysis system based on the systems-
level models for the SAR ADC has been realized in the
LabVIEW environment. This performance-analysis system can
be used to simulate any CR SAR ADC static and dynamic
performance parameters having a different number of digital
output bits, reference voltages, input voltages, buffer and
comparator offset voltages, DNLE resolution, number of
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samples, and confidence levels. Degradation effects in the
buffer and the comparator, being building blocks of our ADC,
have been considered as the most critical building blocks with
respect to aging effects. A set of degradation values for buffer
and comparator offsets have been incorporated in system-level
models to analyse the aging effects in the whole ADC static
and dynamic performance parameters. Simulation results in the
LabVIEW environment show that the SAR ADC offset,
SINAD, THD, and ENOB are heavily affected whereas the
parameters like gain, DNLE, and INLE are almost not affected
by aging effects in the buffer and the comparator offset
voltages.

Degradation effects of each individual building block can
either be extracted by using transistor-level aging simulations
or a range of degradation values for each sub-building block
can be inserted in the performance-analysis system to see its
effect on the whole system performance. This information can
be useful for circuit designers to keep in mind the allowed
range of degradation in each individual building block and its
consequence on the whole system performance. Furthermore,
more complicated degradation effects and other type of
variations like process variations, voltage or temperature
variations can also be incorporated in these system-level
degradation models to see their effect on the different
performance parameters. Therefore, the efficiency and
accuracy of the implemented technique as compared to real
world degradation effects depends on the accuracy of the
degradation models and their thoroughness to include all type
of degradation effects.
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