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Design Techniques for Successive Approximation Register Analog-toDigital Converters
1 Introduction
1.1 Motivation of the Project

Analog-to-digital converts (ADCs) are widely used in many different applications
such as digital communication and medical sensing, where modern digital processing is
used to handle analog signals.

Among different ADC architectures, pipelined ADCs and oversampling delta-sigma
ADCs have long been considered top choices to provide medium-to-high speed and
medium-to-high resolution. However, technology scaling has created serious challenges
for these architectures, in terms of limited supply voltage and reduced transistor gain.
These issues limit the performance of operational amplifiers (OPAMPs) and integrators,
which are required in pipelined ADCs and delta-sigma ADCs.

Successive approximation register analog-to-digital converters (SAR ADCs) [Johns,
1997] offer an alternate to pipelined ADCs and delta-sigma ADCs. As one of the widely
used Nyquist-rate ADCs, SAR ADCs are famous for its superior energy efficiency, small
chip area, and more importantly, excellent technology scalability. The architecture of
SAR ADCs is simpler compared with pipelined ADCs and delta-sigma ADCs. Usually,
the comparator and MOS switches are the only active components in SAR ADCs. The
rest are passive components, like capacitors, which scale well in advanced technologies.
When it comes to the power dissipation, even the comparator can be designed as dynamic
comparator, which does not consume static power. Thus, SAR ADCs can only consume
dynamic power. In emerging portable applications, such as bio-medical systems, where
battery life and device size are big concerns, SAR ADCs become more and more
attractive.
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As the simple architecture and operation bring SAR ADCs digital compatibility and
other advantages, they also come with limited operation speed and conversion resolution.
The SAR conversion is a serial operation. So it is slow compared with pipelined ADC.
Generally, it takes N clock cycles to resolve N bits with the SAR conversion. On the other
hand, it costs only 1 cycle for pipelined ADCs even though there is a latency of N-1
cycles. When it comes to the resolution, SAR ADCs are quite sensitive to component
mismatch, which is usually caused by manufacturing variation. The mismatch limits the
accuracy of SAR ADCs to be below 10-12 bit for medium conversion speed unless extra
calibration techniques are used.

The operation speed and the conversion accuracy of SAR ADCs are not independent
problems. For example, in switched-capacitor (SC) SAR ADCs, the conversion time is
mainly consumed by comparator resolving and DAC settling. The settling time is
proportional to the size of the capacitors, which is usually limited by mismatch
requirements. Digital calibration techniques can relax the requirements on capacitor
mismatch and result in small capacitor array. Thus, the operation speed can also be
increased since less time would be required for the capacitor DAC to settle. Moreover,
the reduced capacitor size also translates into improved power efficiency, which comes
from reduced dynamic switching power to charge the capacitors and to drive the MOS
switches.

In this project, we focus on the operation speed and conversion resolution of SAR
ADCs. A new semi-synchronous clocking was proposed to speed up the SAR conversion.
Simulations show that this technique can improve the speed by 40% compared with
conventional synchronous processing. A self-calibration technique to correct the
mismatch error in capacitive SAR ADCs was also proposed. This technique is supposed
to be insensitive to circuit non-idealities, and can achieve very high accuracy.
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1.2 Thesis Organization

This thesis is organized into four chapters:

Chapter 1 introduces the motivation of this work.

Chapter 2 describes the semi-synchronous processing, which can improve the
operation speed of SAR ADCs. The clocking of the new ADC is shown in detail. The
innovations are analyzed with simulation results

Chapter 3 talks about the calibration technique, which is designed for SAR
conversions. The operation of this self-calibrated SAR ADC is discussed cycle by cycle.
The advantages of this technique are analyzed with the comparison of other techniques.
Simulation results demonstrate the accuracy and robustness of this proposed technique.

Chapter 4 concludes this thesis and points out some potential problems, and also
suggests future work to improve the current techniques.
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2 Semi-Synchronous Clocking

The DAC-based converter is one of the most popular implementations of the SAR
ADC. The block diagram of the DAC-based converter is shown in Fig. 2.1 [Johns, 1997].
After the analog input voltage is sampled by the sample and hold (S/H) circuit, the A/D
conversion starts from the most-significant-bit (MSB). The comparator compares the
sampled input voltage with the reference voltage generated by the DAC. Depending on
the current digital output of the comparator, the SAR control logic reconfigures the DAC
to create a new reference voltage. And this new voltage will be used to compare with the
sampled input again to resolve the next digital bit. This operation continues until all
digital bits are resolved for the sampled input. Then a new analog voltage is sampled, and
the same operation is conducted again to find the digital representative of the sampled
analog voltage.

Figure 2.1. DAC-based SAR ADC.

Figure 2.2. SC SAR ADC.
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The internal DAC within the SAR ADC can be implemented with switched-capacitor
circuits. [Johns, 1997]. Fig 2.2 shows the block diagram of a SC SAR ADC. The
operation of the SC SAR ADC has been well explained in previous literatures, including
in [Johns, 1997]. Generally, the bottom plates of these capacitors can be connected to Vin,
Vref, or the ground, through digitally controlled switches. After sampling the analog input,
the reference voltage is generated by connecting different amount of capacitance to Vref or
the ground. When the capacitor array is settled, the comparator is activated to compare
the reference voltage with the sampled input. Based on the comparison result, the
capacitor array is reconfigured to generate the new reference voltage. This iteration
repeats until all digital bits are resolved for the current sampled input.

As described above, in the SAR A/D conversion, the circuits are operated serially.
After sampling the input voltage, the circuits alternately repeats the operation of DAC
settling and comparator resolving. These two operations consume most of the conversion
time. Usually, the operation of the SAR ADC is controlled by clocks. Depending on the
way in which the clock controls the operation, the operation generally falls into two
different categories: synchronous processing, or asynchronous processing.

2.1 Conventional Synchronous and Asynchronous Processing

In a conventional synchronous SC SAR ADC, an internal high-speed clock controls
the operation of the ADC. As shown in Fig. 2.3, the time allocated for comparator
decision and DAC settling in each cycle is fixed, and is signal independent. The allocated
comparison time t1 should be large enough to insure that the comparator makes the right
decision for any input larger than LSB/2. The minimum DAC settling time t2 is
determined by the worst-case settling condition, which happens in the MSB switching.
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Thus, the conversion speed of synchronous processing is limited by the worst-case
comparator resolving time and the worst-case DAC settling time.

Figure 2.3. Timing diagram of a conventional synchronous SAR ADC.
. In synchronous processing, the same amount of time is assigned for comparator
decision in each clock cycle. And this time should be long enough to cover the worsecase comparison. Thus, there exist some situations where the comparator makes a
decision very quickly, without using all the time assigned to do it. In such cases, the
unused comparison time is wasted. This ADC is doing nothing but waiting during this
time. In order to improve the conversion speed, asynchronous processing was proposed to
reduce the total comparison time [Chen, 2006].

In asynchronous processing, this “waiting time” is eliminated. The operation of the
SAR conversion is no longer controlled by high-speed clocks. However, there is still a
periodic sampling clock, which controls the ADC to sample the analog input
synchronously. After sampling the input, the ADC still repeats the operation of DAC
settling and comparator decision. A fixed amount of time is assigned for DAC settling,
but not for comparator resolving. Whenever the comparator makes a decision, it
generates a ready signal to trigger the DAC setting and settling. So in asynchronous
processing, the DAC settling begins immediately after the comparator makes a decision.
The time consumed by comparator decision is different cycle by cycle. By doing this, the
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ADC respond as soon as a bit is determined. This saves the total comparator resolving
time and improves the operation speed.

Even though asynchronous processing takes care of the comparator resolving time, it
does not reduce the DAC settling time. A fixed amount of time is assigned for DAC
settling when determining each bit, regardless of the actual required settling time. In this
work, both comparator resolving time and DAC settling time is reduced with the
proposed new semi-synchronous processing.

2.2 Semi-Synchronous Processing

Fig.2.4 shows the first four successive approximation steps for N-bit conversion (N >
4). Instead of considering the comparator decision time and the DAC settling time
separately, they are both considered in each bit cycle.

Figure 2.4. Successive approximation in a SAR ADC.
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When the input voltage is far from a reference voltage, the comparator latches very
rapidly. This will be called an easy decision. On the other hand, if the input voltage is
very close to a reference voltage, metastability occurs, and it takes a long time for the
comparator to make a decision. This is called a hard decision. If the input is close to the
reference voltage generated in one cycle, it clearly cannot be close to the reference in the
next cycles. Hence, a hard decision is followed by a number of easy decisions. For
example, in Fig. 2.4 a hard decision determines B2. However, the DAC does not need to
settle to the full N-bit accuracy after determining B2, because the following decisions
giving B3 and B4 are easy decisions. (The input voltage is far away from the reference
voltages.) Hence, a large settling error can be tolerated here. An easy decision can be
followed either by an easy decision or by a hard one. The comparator resolving time is
reduced in an easy decision, but the DAC needs a long time to settle since the following
decision may be a hard one. Fig. 2.5 illustrates the timing for the conversions shown in
Fig. 2.4. In each bit cycle, if the comparator requires a relatively long resolution time, the
DAC settling requires a relatively short time, or vice versa. As a result, for MSB
conversions, the worst-case comparison time and the worst-case DAC settling time can
never occur in the same bit cycle. Thus, in synchronous processing, the time assigned to
the comparator decision or to the DAC settling, or to both, is unnecessarily long.

Figure 2.5. Timing diagram for the successive approximation in Fig. 2.4.
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The above observation and analysis are only approximately valid for the leastsignificant-bit (LSB) conversions. Then, the comparator may require a relatively long
time to make a decision, because the input voltage is now always close to the reference
voltage. However, the required DAC settling time is always reduced, because only the
smallest capacitors are switched for LSB conversions. Consequently, for both MSB and
LSB conversions, the worst-case comparator resolving time and the worst-case DAC
settling time never happen in the same bit cycle. Generally, in any cycle, if the
comparator decision time is long, then the required DAC settling time is short, or vice
versa.

Based on the analysis given above, a new semi-synchronous processing is proposed to
improve the conversion rate of SAR ADCs. In the process, the analog input is sampled
synchronously, and the same amount of time is assigned to determine each bit. But within
each bit cycle, the time is dynamically allocated between comparator operation and DAC
settling. As shown in Fig. 2.6, the operation of the SAR ADC is controlled by two
internal clocks: the DAC settling clock and the comparison clock. In each bit cycle, when
the comparison clock goes high, the comparator is activated to make the bit decision. The
Ready signal goes high as soon as the current bit is determined. When this occurs, the
DAC switches are set, and the DAC settling begins until the DAC settling clock goes
down. However, if the comparator does not make a decision within the time period
allowed by the comparison clock, then the DAC switches are set when the DAC settling
clock goes high. Thus, the DAC setting and settling both begin when either the Ready
signal or the DAC settling clock goes high.
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Figure 2.6. Timing diagram for semi-synchronous operation

In conclusion, in the proposed process the time is dynamically allocated between
comparator operation and DAC settling in each bit cycle, based on the easy/hard decision.
For an easy decision, the comparator makes a decision rapidly, so more time would be
left for the DAC to settle. For a hard decision, the comparator decision would occupy
more time in the cycle, and less time would be left for DAC settling. Fig. 2.6 illustrates
the variation of the actual time used for DAC settling (Effective settling).

In the figure, t3 is the same as t1 in synchronous processing (Fig. 2.3), because the
proposed method does not reduce the worst-case comparator resolving time. But t4 can be
much smaller than t2 because the worst case for comparator decision and DAC settling
cannot occur in the same bit cycle. Thus, the required time (t3+t4) to find a bit will be
reduced compared with the time (t1+t2) needed in synchronous processing.

2.3 Simulation Results

A 12-bit SAR ADC was designed and simulated, both with conventional synchronous
clocking and with the proposed semi-synchronous processing. Fig. 2.7 shows the block

11

diagram of the simulated SAR ADC. By splitting the MSB capacitor into a copy of the
rest of the capacitor array [Ginsburg, 2005], only one capacitor needs to be switched in
every cycle.

Figure 2.7. Block diagram of the SAR ADC

The integral and differential nonlinearity (INL and DNL) performances of the semisynchronous and synchronous processing were then compared. The comparator decision
times were estimated from tcompare  k ln

VFS
, where VFS is the full-scale voltage, Vres is
Vres

the input voltage of the comparator, and k is a constant [Chen, 2006]. The settling of the
capacitor DAC array was modeled as a first-order RC system, with the time constant
chosen to be 0.5 ns.

In the simulation, we were interested in the relative speed of the proposed semisynchronous processing and the conventional synchronous processing. In the
synchronous processing, half of the clock cycle was assigned for comparator decision and
the rest for DAC settling. By doing this, we assumed that the worst-case settling time
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equals the worst-case comparator decision time. Since we already assumed the settling
time constant to be 0.5ns, the worst-case settling time, which is also the worst-case
decision time, can be calculated. Then, the last unknown parameter, k, can be calculated
as well. In the semi-synchronous processing, the duty cycle of the comparison clock was
5/6 (83.33%), while the duty cycle of the DAC settling clock was 1/6 (16.67%). These
numbers were optimized to reduce the INL/DNL error of the semi-synchronous
processing. The input sampling was assumed to be ideal for both semi-synchronous and
synchronous operations.

Fig. 2.8 compares the peak INL and DNL performances for various sampling
frequencies. At sampling rates over 10 MS/s, the proposed semi-synchronous processing
achieves much smaller INL and DNL, because the comparator decision time and the
DAC settling time are dynamically optimized. Specifying INL/DNL values less than 0.5
LSB, the proposed semi-synchronous processing saves 40% of the conversion time
required by synchronous operation.

Figure 2.8. INL/DNL versus the sampling rate
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2.4 Conclusions

A new semi-synchronous clocking was proposed to improve the conversion rate of
SAR ADCs. By optimizing the time consumed by SC DAC settling and comparator
resolving, 40% of the total conversion time can be saved with this proposed technique.

More importantly, the proposed new clocking does not require any modification of the
circuit architecture of SAR ADCs. Only the clock generation and digital controlling
circuits needs to be modified to apply the new semi-synchronous processing. Thus, the
proposed clocking can be used to any SC SAR ADCs without changing the main circuitry,
which makes this technique more applicable and practical.
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3 Self-Calibration Technique
3.1 Capacitor Mismatch Errors in Switched-Capacitor SAR ADCs

The block diagram of a switched-capacitor (SC) SAR ADC was shown previously in
Figs. 2.1 and 2.2. The sampled input voltage is compared with the reference voltage
produced by the capacitive DAC to get the current bit. Then, the SAR logic reconfigures
the capacitive DAC (CDAC) to generate a better reference voltage, and the ADC resolves
the next bit. This process repeats until all bits have been obtained.

Figure 3.1. A configuration example of CDAC

Fig. 3.1 illustrates how the output voltage Vout of the CDAC in Figs. 2.1 and 2.2 is
generated:
Vout 

CH
C
Vref  H Vref
CH  CL
CT

(3.1)

Here, CH is the sum of all capacitances connected to Vref, CL is the sum of all
capacitances connected to ground, and CT is the total capacitance of the capacitor array.
In an N-bit binary capacitor array, each capacitor Ci has a normalized error ei relative to
CT due to the capacitor mismatch:
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Ci 

CT
(1  ei )
2i

i  1, 2

N

(3.2)

In the conversion cycle, this mismatch results in a total voltage error Ve at the output
of the CDAC, which contains the contributions from each capacitor error. Since the
mismatch error ei is relative to the total capacitance CT, Ve can be attributed only to those
capacitors that are connected to Vref :
N

Ve  Vref 
i 1

bi ei
2i

(3.3)

Here ei refers to the normalized ratio error of Ci , and bit bi is 1 if Ci is connected to
Vref, or 0 if it is connected to ground. Eq. (3.3) forms the basis of the calibration process.

3.2 Previous Calibration Techniques

Due to the unavoidable manufacture-induced capacitor mismatch, the CDAC cannot
generate accurate reference voltages as it is supposed to. Since the capacitor mismatch is
inversely proportional to the capacitor size, a large unit capacitor is often needed to
reduce capacitor mismatch. Thus, the total capacitance in the SAR ADC is usually much
larger than what is required by the kT/C (thermal) noise. Large capacitors not only
occupy more chip area, but it also cost more power to switch the capacitors between Vref
and the ground. Also, a large capacitor bank requires more time to settle, which degrades
the conversion rate of SC SAR ADCs.

Modified SAR ADCs have been suggested to reduce the size of the capacitor array. In
a non-binary SAR ADC [Kuttner, 2002], the equivalent input range is reduced by a factor
smaller than 2 in every bit cycle. The redundancy allows more comparison levels than the
conventional design. Any errors generated when resolving the MSB bits can be corrected
in later bit cycles. However, the non-binary scaled weight is not layout-friendly.
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For binary SAR ADCs, a self-calibrating technique was proposed in [Lee, 1984]. The
system described in [Lee, 1984] measures the analog mismatch error digitally, and then
uses an additional calibration DAC to correct the voltage error during conversion cycles.
The mismatch measurement of any capacitor depends on the measurement results of all
previous capacitors. Thus, the previous remaining errors, such as digital truncation errors
and error caused by non-idealities in calibration DACs, accumulate during the calibration
process, and affect the calibration of later capacitors. Thus, this technique requires the
calibration DAC or DACs to be accurate. Non-idealities in the calibration DACs, such as
capacitor mismatch, limit the accuracy of the ADC. Even though above 15-bit accuracy
was achieved [Lee, 1984], the performance is supposed to degrade a lot if the calibration
DAC being used is not a resistive DAC, but a capacitive DAC, because a resistive DAC
gives guaranteed monotonicity, and is less sensitive to non-idealities compared with
capacitive DAC. However, a resistive calibration DAC consumes static power. Thus, a
new self-calibration method, which could achieve high-accuracy with capacitive
calibration DAC, is developed in this work.

3.3 Proposed New Self-Calibration Technique
3.3.1 The 2-C DAC

A two-capacitor (2-C) DAC [Suarez, 1975] can be used to generate a binary fraction
of the reference voltage Vref. The actual voltage will be somewhat larger or smaller than
the ideal value, due to capacitor mismatch. As shown in Fig. 3.2a, capacitor C1 is charged
to Vref through S1. At the same time, S0 is opened, and capacitor C2 is discharged to
ground through S2. Then S1 and S2 are opened, while S0 is closed. The charge is
distributed between C1 and C2. After charge redistribution, S0 is opened again and the
second cycle begins. In the second cycle, C2 is discharged to ground through S2 while C1
holds its charge. Then S2 opens, and S0 is closed to perform charge redistribution. S0 is
opened again after the redistribution, and the next cycle begins. In the following cycles,
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the DAC repeats the operation performed in the second cycle. After k cycles, the voltage
Vn becomes
k

 C1 
1
k
Vn  
 Vref  k (1   ) Vref
C

C
2
2 
 1

(3.4)

Here, parameter  represents the mismatch between C1 and C2 . It is given by
C1
1
 (1   )
C1  C2 2

(3.5)

Since in practice  is much smaller than 1, Vn can be approximated by

Vn 

1
(1  k )Vref
2k

(a)

(3.6)

(b)

Figure.3.2 The 2-C DAC (a) Mode I, (b) Mode II

Another possible configuration of the 2-C DAC is shown in Fig. 3.2b. Here, C1 and C2
exchanged roles compared to the circuit of Fig 3.2a. If the switches in Fig. 3.2b are
operated the same way as in Fig. 3.2a, the voltage Vn becomes
k

 C2 
1
k
Vn  
 Vref  k (1   ) Vref
C

C
2
2 
 1

This can be approximated by

(3.7)
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Vn 

1
(1  k )Vref
2k

(3.8)

These properties of the 2-C DAC [Rombouts, 1996] are used in our calibration
technique, as will be discussed next.

3.3.2 Mismatch Error Calibration (Principle)

The block diagram of the proposed self-calibrating SAR ADC is shown in Fig. 3.3.
Although it is shown in single-ended version for simplicity, the implemented circuit is to
be built in a fully differential configuration for noise reduction.

Figure.3.3 Block diagram of the proposed self-calibrating SAR
The main DAC contains N+1 capacitors (C1, C2, …, CNA, CNB) that need to be
calibrated. C1 is the MSB capacitor, while CNA = CNB are the LSB capacitors. N separate
calibration DAC arrays CC1-CCN are used to perform the calibration. Each calibration
array is associated with a main capacitor, and is controlled by a separate digital
calibration code. Capacitor CNB does not have an associated calibration array, since it is
always connected to ground during A/D conversion in the single-ended implementation
discussed. The sizes of these calibration arrays are determined by the magnitude of the
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mismatch errors, and by the targeted calibration accuracy. The details of the calibration
arrays and the switch blocks are shown in Figs. 3.4 and 3.5, respectively, and will be
discussed next.

Figure.3.4 Binary-weighted calibration DAC array

Figure.3.5 Details of the switch blocks
A calibration DAC array is shown in more detail in Fig. 3.4. The bottom plates of the
K binary-weighted calibration capacitors are connected either to Vref or to ground, as
controlled by the digital bits D1-DK. The bottom plate of a calibration capacitor is
connected to Vref if its controlling bit is 1, and is connected to ground if the controlling bit
is 0.

Fig. 3.5 shows more details of the switch blocks shown in Figs. 3.3 and 3.4. The
switches are controlled by the digital codes.
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At power-up, the ADC enters the calibration phase, in which the analog voltage error
is measured and stored digitally. During the following conversion phase, the stored codes
control the calibration DACs to add or subtract charges from the main DAC array, and
thus to correct the mismatch errors. The accuracy of the digital representation of the
analog error largely limits the accuracy of the whole calibration process. The calibration
process is performed sequentially for all capacitors in the main array. It is done in the
following steps:
1. The capacitor array is configured as a 2-C DAC. For the calibration of capacitor Ci,
this DAC is used to generate a test voltage Vxi ~ -Vref/2i, by operating it for i-1 clock
periods. Then, the main array and the calibration array of Ci are used to cancel Vxi. The
resulting digital code Di,1 controlling the calibration array is then stored.
2. The process is repeated, with the roles of the 2-C capacitors interchanged. The
resulting digital code Di,2 is also stored.
3. Di,2 and Di,2 are averaged, and the result Di will be used to correct Ci during the
A/D conversion.
The details of the calibration process are discussed in the next Section.

3.3.3 Mismatch Error Calibration (Process)
The details of the calibration process are discussed next. To calibrate the mismatch
error of capacitor Ci in the main DAC array, the main DAC is first reconfigured as a 2-C
DAC, as shown in Fig. 3.6. C1 forms one capacitor, while C2 to CNB are combined as the
other capacitor. Switches Sr1, Sr2, and Sr3 are closed while Sc1 to SCN are all open. Thus all
calibration arrays are disconnected from the main capacitor array. The bottom plate of C1
is connected to Vref, while the bottom plates of all other capacitors in the main DAC array
are connected to ground.
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After this preset, Sr1 and Sr2 opens, leaving the node with Vx floating. Next, the bottom
plate of C1 is connected to ground, as shown in Fig. 3.7. From charge conservation, the
voltage Vx,i is found to be
VX ,i  

C1
Vref
CTm

(3.9)

where CTm is the total capacitance of the main capacitor array. By (3.2),

C1 

CTm
(1  e1 )
2

(3.10)

and hence Vx,i can be rewritten as

VX ,i  

Vref
2

(1  e1 )

Figure.3.6 The preset phase in step 1

Figure.3.7 The preset phase in step 1 (continued)

(3.11)
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Figure 3.8 The 2-C DAC operation in step 1.

Figure 3.9 The 2-C DAC operation in step 1 (continued).

The preset phase is followed by the 2-C DAC operation. It is carried out i-1 times for
capacitor Ci. In the 2-C DAC operation, C1 forms one of the DAC capacitors, while C2 to
CNB are combined as the other capacitor. In its second cycle, Sr1 is closed after Sr3 is
opened, as shown in Fig. 3.8. The charge on C1 remains unchanged. Capacitors C2, C3, …,
CNB are all discharged. Next, Sr1 is opened and Sr3 is closed, as shown in Fig. 3.9. C1
shares its charge with the rest of the capacitors in the main DAC array, resulting in

VX ,i  

Vref
2

(1  e1 )

Vref
C1
  2 (1  e1 )2
CTm
2

(3.12)
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For the calibration of Ci, this discharging and charge sharing process is repeated (i-2)
more times. Vx,i is then

VX ,i  

Vref
i

2

(1  e1 )i

(3.13)

1  ie1 

(3.14)

Since e1 is much smaller than 1,

VX ,i  

Vref
2i

Figure 3.10 The binary array connection in step 1

After the 2-C DAC operation, the calibration array of Ci is adjusted in the following
way. The main DAC is reconfigured into a binary array, as shown in Fig. 3.10. The
bottom plate of capacitor Ci is connected to Vref, while all other capacitors in the main
array remain connected to ground. The calibration arrays are all reset before SC1 to SCN
are closed, to connect the top plates in all calibration arrays to the main DAC array. The
calibration codes of the calibration arrays are all set to 0, connecting the bottom plates of
the calibration arrays to ground. Vx,i is now
VX ,i 

CTm
CTm  CTc

 Vref

Ci
Vref 
 i 1  ie1  
CTm
 2


(3.15)
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where CTC is the total capacitance of all calibration arrays. Using equation (3.2), Vx,i
can be simplified to
VX ,i 

CTm
CTm  CTc

Vref

 i  ei  ie1 
 2


(3.16)

Next, the correction code of calibration array CCi is found in a binary search to change
Vx,i to 0. The calibration codes of other calibration DAC arrays remain set to 0. The
resulting first calibration code is Di,1. Thus,
1

CTm  i  ei  ie1    Di ,1Cci  0
2


(3.17)

Note that this conversion cannot be done exactly because of the unavoidable
truncation error.

Figure 3.11 The preset phase in step 2

The first error measuring step comes to an end at this point, and the second step begins.
The operation in the second step is similar to that in the first step, with the roles of C1 and
the rest of the capacitors interchanged. For example, the preset phase in step 2 is shown
in Fig. 3.11. At the end of the 2-C DAC operation, the voltage produced is then:
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VX ,i  

Vref
i

2

1  e1 

i

(3.18)

Since e1 << 1, (3.18) can be approximated by

VX ,i  

Vref
2i

1  ie1 

(3.19)

The main DAC array is reconfigured as a binary array after the 2-C DAC operation, as
shown earlier in Fig. 3.10. Vx,i is then
VX ,i 


CTm  Vref
Ci
Vref 
  i 1  ie1  
CTm  CTc  2
CTm


(3.20)

Combined with (3.2), this can be simplified as
VX ,i 


CTm Vref
 i  ei  ie1 
CTm  CTc  2


(3.21)

Next, a second correction code for calibration array Cci is found in a binary search to
change Vx,i to 0. At the same time, the calibration codes of other calibration DAC arrays
remain 0. The resulting second calibration code Di,2 satisfies
1

CTm  i  ei  ie1   Di ,2Cci  0
2


(3.22)

The final calibration code Di for capacitor Ci is found by averaging Di,1 and Di,2

Di Cci 

Di ,1  Di ,2
2

Cci 

ei
CTm
2i

(3.23)

This gives

ei  2i Di

Cci
CTm

(3.24)

Theory and simulations both indicate that the proposed calibration process will yield a
highly accurate Di. The mismatch error of each capacitor in the main array can be
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measured and stored digitally in the same way. The stored calibration codes will be used
later in the conversion phase to correct the mismatch errors.

The described calibration process clearly assumes that Vx,i in (16) and (21) are
negative. Otherwise, it cannot be changed to 0 by switching in the calibration arrays. To
accommodate the situation in which Vx,i is positive, several modifications are available.
For the usual differential implementation, the polarity of the correction can be selected by
correcting the Ci either in the inverting or in the non-inverting path. For single-ended
structures, the sign of the correction can be controlled by using a slightly modified
calibration algorithm, as discussed in Section 3.5.

3.3.4 Mismatch Error Correction During Conversion

The conversion phase begins after the calibration is finished for all capacitors. In the
conversion phase, the main DAC array performs a binary search to approximate the input
voltage. During conversion, all calibration arrays are connected to the main DAC, and are
controlled by the digital calibration codes to correct the mismatch errors.
As given in (3.3), the voltage error can be attributed only to those main capacitors that
are connected to Vref. Thus, if a main capacitor is connected to Vref, its associated
calibration array is controlled by the stored calibration code to correct the voltage error.
A main capacitor is connected to ground does not introduce voltage error, and hence the
associated calibration DAC is connected to ground regardless of the stored calibration
code.

The input signal is sampled only into the main DAC array, as in a conventional SAR
ADC. When determining the MSB, the bottom plate of C1 is connected to Vref, while all
other capacitors in the main DAC array are connected to ground, as shown in Fig. 3.12.
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The MSB calibration array CC1 is controlled by its calibration code D1, found in the
previous calibration phase. The bottom plates of other calibration DAC arrays are all
connected to ground. So Vx is set to

VX 

C1Vref  D1Cc1Vref  CTmVin
CTm  CTc

(3.25)

Using (3.2) and (3.23), Vx can be simplified to

 Vref

CTm
C
 Vin 

Tm
Vref  CTmVin
 2

VX  2

CTm  CTc
CTm  CTc

(3.26)

Vx > 0 indicates Vi n < Vref /2, while Vx < 0 indicates that Vin > Vref /2.
Thus, the error caused by the mismatch in the main DAC array when resolving the
MSB is corrected by the MSB calibration DAC array. If the MSB is 1, the MSB
calibration array retains the same configuration when resolving the rest of the bits.
Otherwise, the bottom plate of the MSB calibration array is connected to ground after the
MSB search.

Figure 3.12 The connection diagram for the MSB conversion
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The remaining bits in this conversion process can be determined similarly. The voltage
error introduced by any capacitor is corrected by its associated calibration array.

In the proposed calibration process, the digital quantization of each capacitor
mismatch is separate and independent, determined by the 2-C DAC operation. Any
remaining errors made when quantizing the mismatch of the MSB capacitors will not
affect the calibration of the LSB capacitor mismatch, and vice versa. This is not the case
for the earlier calibration process of Lee et al. [Lee, 1984], where the truncation errors
accumulate. As a result, the calibration is accurate only for the MSB capacitors. The
linearity performance may degrade if more capacitors are calibrated.
Even more importantly, the technique proposed here is also insensitive to mismatches
in the calibration DACs, since the calibration DAC used to measure the mismatch error
of a given capacitor is the same one used to correct this error. The mismatches in the
calibration DACs only affect the averaging the two calibration codes to get the final
calibration code. However, since the quantization of each capacitor mismatch is separate
and independent of that of any other, the effect of the mismatch in the calibration DACs
is small. For the same reason, mismatch between separate calibration arrays is also
unimportant.
Each calibration capacitor array needs a switch to connect it to the main array.
However, these switches can be very small since the calibration capacitors are very small.
In fact, these switches can be merged together since the calibration arrays are connected
or disconnected to the main array together. Thus, only one switch is required to connect
the calibration arrays to the main array.

The correction algorithm thus far was discussed for single-ended circuits, and it was
implicitly assumed that the values of Vx,i in (3.16) and/or (3.21) are negative. The
algorithm may be modified to deal with Vx,i values of either polarity. However, in
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practice high-accuracy ADCs requiring digital error correction are implemented in fully
differential form. For such differential SAR ADCs, the described algorithm remains
effective without any modifications, since error correction of either polarity may be
implemented simply by choosing the inverting or non-inverting path for correction. .

3.4 Simulation Results

A 12-bit fully differential SAR ADC was simulated to verify the proposed selfcalibrating technique. Twelve different binary-weighted calibration DAC arrays were
incorporated in each path to carry out the proposed digital calibration. The resolution of
the calibration DACs ranged from 5 bits to 7 bits. A Gaussian distribution of random
capacitor mismatches was assumed for all the capacitors in both the main DAC array and
in the calibration DAC arrays. In the simulation, the comparator and all switches were
assumed to be ideal.

The normalized capacitor sizes and the associated capacitor mismatches are
summarized in Table 1. The unit capacitors in the less significant calibration DACs (CC3CC12) were half of the unit capacitors used in CC1-CC2. Only the assumed mismatches of
the LSB capacitors in the DAC arrays are shown. The mismatches of all other capacitors
can be derived from the LSB mismatches assuming that the capacitor accuracy is
inversely proportional to the plate area. The simulated mismatches were chosen to be
much larger than those achievable by current technology, in order to verify the accuracy
and robustness of the proposed calibration method.
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TABLE 3.1 Capacitor Sizes and Assumed Mismatches for the DAC Arrays
DAC array

Number of bits

Normalized Unit
Capacitance

Main DAC array
Calibration DAC array CC1-CC2
Calibration DAC array CC3-CC4
Calibration DAC array CC5-CC8
Calibration DAC array CC9-CC12

12
7
7
6
5

C
C/8
C/16
C/16
C/16

 of the mismatch
of the unit capacitor
8%
22%
31%
31%
31%

Fig. 3.13 shows the output spectrum of the ADC before calibration. Fig. 3.14 shows
how much the proposed self-calibrating technique can improve the linearity of the ADC.
The SNDR is improved by more than 9 dB, while the SFDR is improved by about 22 dB.
Ideally, the SNDR for a 12-bit ADC is 74 dB; mismatch effects only cause a 1.2 dB drop
on SNDR after the proposed calibration.

Figure 3.13. Simulated ADC output spectrum without calibration.
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Figure 3.14. Simulated ADC output spectrum with calibration.

Figs 3.15 and 3.16 show the variations of the SNDR and SFDR with the assumed LSB
capacitor mismatch in the main DAC, before and after the proposed digital calibration.
The mismatches assumed for other capacitors in the main DAC and the calibration DACs
were calculated from the LSB mismatch in the main DAC assuming that the capacitor
accuracy is inversely proportional to the plate area. The linearity performance of the
calibrated ADC degrades minimally over a wide range of capacitor mismatch values,
demonstrating the accuracy and the robustness of the proposed calibration technique.

Fig. 3.17 shows the linearity performance of the ADC versus the assumed mismatch in
the calibration DACs. A constant 8% mismatch was assumed for the main DAC, while
the mismatches in the calibration DACs were changed. In the simulation, mismatches of

  10%, 20%, 50% were assumed for the LSB calibration DACs CC3-CC12, while
mismatches of   7%,14%,

35% were assumed for CC1-CC2. This was done because

the sizes of the unit capacitors in CC1-CC2 are different from those in CC3-CC12. The
SNDR only drops by 0.9 dB from 73.1 dB in the 10% (7%) case to 72.2 dB in the 50%
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(35%) case. The SFDR drops by less than 4 dB, from 87.2dB to 83.4dB. The proposed
calibration method is clearly insensitive to mismatches in the calibration DACs.

Figure 3.15. Simulated SNDR versus the assumed mismatch in the main DAC

Figure 3.16. Simulated SFDR versus the assumed mismatch in the main DAC
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Figure. 3.17 Simulated SNDR/SFDR versus the assumed mismatch in the calibration
DACs.

Even though the simulation was done for a 12-bit SAR ADC, the proposed calibration
method should be effective for much higher accuracy ADCs, since the simulated
mismatches of the main and calibration arrays were much larger than those afforded by
modern technology.

3.5 Modifications for Single-Ended Implementation

The described calibration process is suitable for the usual differential implementation,
since the polarity of the correction can be selected by correcting the error either in the
inverting or in the non-inverting path. However, for single-ended implementation, the
circuit architecture and the calibration process need to be modified to accommodate the
situation in which Vx,i in (3.16) and/or (3.21) are positive.
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In the modified architecture, each capacitor Ci in the main DAC array, except the
dummy capacitor CNB, is split into two different smaller capacitors, Ci,1 and Ci,2:

Ci ,1  kiCi

(3.27)

Ci ,2  1  ki  Ci

(3.28)

The ratio Ki depends on the expected magnitude of the mismatch. In real
implementation, the layout issue should also be considered when choosing Ki.
The modified ADC is shown in Fig. 3.18. Each capacitor Ci is split into two smaller
capacitors. Capacitor CNB is not split because it is always connected to ground during the
A/D conversion in the discussed single-ended implementation.

Figure 3.18. Block diagram of the modified self-calibrating SAR

3.5.1 Measuring the Mismatch Error during the Modified
Calibration

The operation of the modified ADC is similar to that of the original version. The
mismatch error of each main capacitor is also measured in a two-step process, as
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described in section 3.3.2. Two different calibration codes are obtained in each step. And
the final calibration code is the average of these two calibration codes.

When calibrating the mismatch of the capacitor Ci, each pair of the two smaller
capacitors are first combined into one capacitor, and the circuit is operated the same way
as in the original version, until the main DAC is reconfigured to a binary array after the
2-C DAC operation. The block diagram of the circuit at this point is shown in Fig. 3.19.
Vx,i is the same as in (3.15) and (3.16).

Figure 3.19. The binary connection diagram in the modified step 1.

Here, Vx,i can be either positive or negative. Then, the bottom plate of capacitor Ci,2 is
connected to ground. Vx,i becomes
VX ,i 

Ci ,2

CTm Vref
Vref
 i  ei  ie1  
CTm  CTc  2
 CTm  CTc

(3.29)

As long as Ci,2 is large enough, Vx,i can be changed to a negative value. Next, the
correction code of calibration array CCi is found in a binary search to change Vx,i to 0. At
the same time, the calibration codes of other calibration DAC arrays remain set to 0. The
resulting first calibration code is Di,1 . Thus,
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1

CTm  i  ei  ie1    Ci ,2  Di ,1Cci  0
2


(3.30)

This conversion cannot be done exactly because of the unavoidable truncation error.

It is also noted that Ci,2 should not be unnecessarily large. Otherwise, the area of the
calibration array CCi needs to be too large.
The modified first error-measuring step comes to an end at this point, and the modified
second step begins. In the modified second step, the circuit is operated the same as in the
original second step, until the main DAC is reconfigured to a binary array after the 2-C
DAC operation. The block diagram of the circuit at this point is the same as shown in Fig.
3.19. All split capacitors are combined and treated as one capacitor. Vx,i is the same as in
(3.20) and (3.21).

Then, the bottom plate of capacitor Ci,2 is connected to ground. As long as Ci,2 is large
enough, Vx,i can be changed to be negative:
VX ,i 

Ci ,2

CTm Vref
Vref
 i  ei  ie1  
CTm  CTc  2
 CTm  CTc

(3.31)

Then, another correction code for calibration array CCi is found in a binary search to
change Vx,i to 0. At the same time, the calibration codes of other calibration DAC arrays
remain 0. The resulting second calibration code Di,2 satisfies
1

CTm  i  ei  ie1    Ci ,2  Di ,2Cci  0
2


(3.32)

The final calibration code Di for capacitor Ci is found by averaging Di,1 and Di,2

Di Cci 

Di ,1  Di ,2
2

Cci  Ci ,2 

ei
CTm
2i

(3.33)
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ei 

2i  Ci ,2  Di Cci 
CTm

(3.34)

3.5.2 Correcting the Mismatch Error during the Modified
Conversion

The operation in the modified conversion phase is similar to that in the original
conversion phase, which was discussed previously in section 3.3.4.

The input signal is only sampled into capacitors in the main DAC array, as in a
conventional SAR ADC. When determining the MSB, the bottom plate of C1,1 is
connected to Vref, while all other capacitors in the main DAC array, including C1,2, are
connected to ground, as shown in Fig. 3.20.

Figure 3.20. The connection diagram for the MSB conversion

The MSB calibration array CC1 is controlled by its calibration code D1, found in the
previous modified calibration phase. The bottom plates of other calibration DAC arrays
are all connected to ground. Thus, Vx is
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VX 

C1,1Vref  D1Cc1Vref  CTmVin
CTm  CTc

(3.35)

Using (3.2) and (3.33), Vx is simplified to

 Vref

CTm
C
 Vin 

Tm
Vref  CTmVin
 2

VX  2

CTm  CTc
CTm  CTc

(3.36)

Vx>0 indicates Vin<Vref /2, while Vx<0 indicates that Vin>Vref /2.

Thus, the error caused by the mismatch in the main DAC array when resolving the
MSB is corrected by the MSB calibration DAC array. If the MSB is 1, the MSB
calibration array retains the same configuration when resolving the rest of the bits.
Otherwise, the bottom plate of the MSB calibration array is connected to ground after the
MSB search.

The remaining bits in this conversion process can be determined similarly. When
determining the i-th bit, the bottom plate of Ci,1 is connected to Vref, while the bottom
plate of Ci,2 is connected to ground. The voltage error introduced by any capacitor is
corrected by its associated calibration array.

3.6 Conclusions

A self-calibration technique was proposed to correct capacitor mismatch errors in
binary-weighted SAR ADCs. By applying the proposed method, the nonlinearity errors
due to capacitor mismatches are greatly reduced. The proposed self-calibrating technique
is robust and accurate, since the correction of a capacitor mismatch error does not depend
on the errors of the other capacitors. The accuracy requirements on the calibration DACs
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are also greatly relaxed, because the calibration DAC that measures the mismatch of a
capacitor is the same DAC that corrects this mismatch error.
A 12-bit SAR ADC was simulated to demonstrate the accuracy and robustness of the
proposed self-calibrating technique. The simulation results show that the calibration is
insensitive to the nonlinearity in the calibration DACs, and that an accurate calibration
can be achieved over a large range of capacitor mismatches.
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4 Conclusions and Future Work
4.1 Conclusions

In this work, a new semi-synchronous clocking and a new foreground self-calibration
technique were proposed to improve the operation speed, conversion resolution, and
power efficiency of SAR ADCs, allowing a reduced chip area.

The proposed techniques were simulated with behavior-level models. Simulations
show that these techniques can effectively improve the performance of SC SAR ADCs.

4.2 Potential Problems and Future Work

The proposed techniques show good potential to push the frontier of current state-orthe-art design. Even though, more work can be done in the area to improve these
techniques and implement them in silicon. Some of the most important issues that need to
be considered for implementations are:
1. Risk introduced by semi-synchronous processing:
In the proposed semi-synchronous processing, the operation of the SAR ADC is
not completely controlled by the clocks. In each clock cycle, the comparison
triggers the DAC settling. If anything related to the trigger signal goes wrong, a
large quantization error may occur. As a result, the operation is not as reliable as
conventional synchronous processing. But the semi-synchronous processing is
more reliable compared with asynchronous processing. In asynchronous
processing, if the trigger signal goes wrong, the current A/D conversion may stop
until the next input sampling.
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2. Non-idealities introduced by MOS switches in the calibration technique:
In the proposed architecture, there are at least four floating switches connected to
the input node of the comparator. These switches have nonlinear parasitic
capacitors, which may cause nonlinearities during the calibration phase and the
normal conversion phase. Moreover, the charge injection and clock feedthrough
should be considered in real implementation.

3. Speed of the proposed calibration:
The calibration code we obtain in the calibration phase usually contains the
contribution from circuit noise. The best way to reduce the effects of noise is to
measure the mismatch several times and average the calibration codes we get each
time. Thus, it is necessary to study how many times this calibration should be run
to achieve required resolution.

4. The possibility to change the current foreground calibration technique to a
background one:
The proposed calibration method works in the foreground, which is fine for most
applications like cell phone, where it takes some time for the device to turn on.
The calibration can be conducted during this “power up” time. However, it might
be interesting to study if the proposed calibration algorithm can work in the
background, because background calibration does not disturb the normal A/D
conversion, and takes care of issues like parameter drift due to temperature change.
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