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Abstract This article presents the theoretical analysis of pas- sive charge sharing-based segmented successive-approximation- register (SAR)
analog-to-digital converter (ADC), where the pre- cise reference source in a capacitive digital-to-analog converter (CDAC) is replaced by a
capacitor that is f§ times larger than its bit capacitor and precharged to the reference level, known as a reference charge reservoir (RCR). A
segmented SAR-ADC uses a coarse SAR-ADC to compute some most significant bits (MSBs). Four methods, namely aligned switching (AS)
with bitwise RCRs, AS with a subsample-wise RCR, detect-and-skip aligned switch- ing (DAS-AS) with bitwise RCRs, and DAS-AS with a
subsample- wise RCR are introduced for setting fine MSBs. Closed-form analytic expressions of the reference error due to the finite reference
capacitance are derived and validated by behavioral modeling and circuit simulation of an 11-bit 50 MS/s segmented SAR ADC in 65-nm CMOS
technology. The error expressions can be used to select one of the four methods for setting the fine MSBs and to determine B for the required
linearity or for implementing digital circuitry for precise error correction.

Index Terms— Bitwise reference charge reservoirs (RCRs), reference-buffer free, segmented architecture, subsample-wise reference charge
reservoir (RCR), successive-approximation- register (SAR) ADC..

1. INTRODUCTION

Successive approximation register (SAR) analog-to- digital converters (ADCs) are the most energy-efficient data conversion solutions
for 10-100-MHz sampling rates with 10-12 bit resolution [1]-[4]. Combined with pipeline [5], [6], time interleaving [6], and noise
shaping [7], SAR ADCs are being extended to applications with even higher speed up to GHz [8] or higher resolution up to 18 bits
[9].One major reason why the SAR-ADC architecture is increasingly popular is its scalability with the process technology and its
amenability to a digital-centric design methodology. To remove power-hungry buffers associated with precise capacitive digital-to-
analog converter (CDAC) refer- ences, various forms of passive charge sharing have been introduced [10]-[16]. In particular, a
Sample-wise Switched Reference Charge Reservoir (SS-RCR) technique was intro- duced [12], where a sufficiently large capacitor
(reservoir), B times larger than the total bit capacitors, precharged to the reference voltage level during the sample phase acts as the
reference for all bit switchings during the entire ADC. Very recently, a Bitwise Switched Reference Charge Reservoir (BS- RCR)
technique was proposed [13], where the charge reservoir capacitor is split into the corresponding bit, and before each bit switching, the
corresponding bit charge reservoir capacitor is precharged to the reference levels and used as the reference during each bit decision.
With BS-RCRs, a 16-bit 1 MS/s SAR-ADC in 55 nm CMOS with 6.95 mW with a FoM of 738 fl/conversion-step [14] and a 16-bit
16 MS/s SAR in 55 nm CMOS with FoM 157.4 fl/conversion-step [15] have been demonstrated. It has been approved theoretically
[16] that the BS-RCR technique yields better linearity than the SS-RCR technique, a seemingly counterintuitive fact. Further- more,
the reference error due to finite BS-RCRs appears in the form of digitally correctable bit weight error, where the i th bit weight is
attenuated by 12i+1-N B for an N -bit SAR-ADC. To reduce the energy associated with most significant bit (MSB) switching, a
dominating factor in affecting SAR-ADC switching energy efficiency, a segmented architecture has been developed, where a coarse
SAR-ADC computes the MSBs for a fine SAR-ADC [17]. This article extends reference charge reservoirs (RCRs) to segmented SAR-
ADC design. Since BS-RCR has better linearity, we use it for the coarse ADC, as well as fine ADC LSB switching. For copying the
results from coarse ADC to the MSBs of the fine ADC, there are two switching methods: aligned switching (AS), all bits are switched
together; detect-and-skip AS (DAS-AS) [17], where only some bits are switched. For the fine MSBs reference, it can be bitwise RCRs
and subsample-wise RCR. This leads to four switching methods for setting fine MSBs, known as AS with bitwise RCRs, AS with a
subsample- wise RCR, DAS-AS with bitwise RCRs, and DAS-AS with a subsample-wise RCR.Theoretically, we have derived the
analytical formula of the reference error for various RCR-based segmented SAR- ADC switching schemes. From these formulae, we
have proved that successive decisions using bitwise RCRs and fine MSB switching using DAS-AS subsample-wise RCR vyields the
near the smallest reference error while saving most switching energy.
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Fig. 1. Three bit charge redistribution CDAC switching examples. (a) MCS. (b) AS. (c) DAS-AS
ADCs. Section Il presents the theoretical analysis of the RCR-based segmented SAR-ADCs. Simulation validation and discussion
are described in Section 1V.

Existing Method

Converter Architectures

An overwhelming variety of ADCs exist on the market today, with differing resolutions, bandwidths, accuracies, architectures,
packaging, power requirements, and temperature ranges, as well as hosts of specifications, covering a broad range of performance
needs. And indeed,there exists a variety of applications in data-acquisition, communications, instrumentation, and interfacing for
signal processing, all having a host of differing requirements.Considering architectures, for some applications just about any
architecture could work well; for others, there is a "best choice". In some cases the choice is simple because there is a clear-cut
advantage to using one architecture over another. For example, pipelined converters are most popular for applications requiring a
throughput rate of more than 5 MSPS with good resolution. Sigma-delta converters are usually the best choice when very high
resolution (20 bits or more) is needed. But in some cases the choice is more subtle. For example, the sigma-delta AD7722 and the
successive- approximations AD974 have similar resolution

(16 blts) and throughput performance (200 ksps). Yet the dlfferences in the|r underlylng archltectures make one or the other a better
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called SAR because a successive-approximations (shift) register is the key defining element), flash (all decisions made
simultaneously), pipelined (with multiple flash stages), and sigma-delta (SD), a charge- balancing type. All A/D converters require
one or more steps involving comparison of an input signal with a reference. Figure 1 shows qualitatively how flash, pipelined, and
SAR architectures differ with respect to the number of comparators used vs. the number of comparison cycles needed to perform a
conversion
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Figure 1. Tradeoff between decision cycles and comparators.

Simulation Validation And Discussion

Behavioral modeling and schematic level simulations were performed to validate the analysis of the segmented SAR ADCs with
RCRs. The simulated segmented SAR ADCs with RCRs is shown in Fig. 5, and is implemented in a 65 nm CMOS technology. The
coarse unit capacitance Cc is 2 fF whereas the fine unit capacitance CF is 1 fF.

Static Performance of RCR-Based Segmented SAR ADC

Using analytic formula derived, we can compute, simulate, and compare the static performance differential nonlinearity (DNL) and
integral nonlinearity (INL) of RCR-based seg- mented SAR ADCs. Fig. 14(a)—(d) upper four plots show the respective DNLs and
INLs of a segmented 11-bit SAR ADC with a 5-bit coarse and a 12-bit fine SAR ADC using four switching methods for the fine
MSBs and 3 = 5. With B = 5, the 5-bit coarse ADC can compute output digits correctly. These five digits are loaded to the 5-bit fine
MSBs using one of four switching methods. As we can see, AS with bitwise RCRs in Fig. 14(a) yields the best static performance
(INL/DNL less than 0.5 LSB). In fact from (7), we can compute the reference error for the 5-bit fine MSBs with B =5 as 1 — a(M)
(VRP — VRN) = 0.006(VRP — VRN) 1 <27 (VRP — VRN).  (28)

Thus, the 7-bit fine LSBs can compute results correctly. This yields the INL to be in the range of 0.5 LSB.The DNLs and INLs in
Fig. 14(b)—(d) have some simi- larities. The segmented misaligned ADC transfer curves lead to different analog input mappings to
the same digits, thus causing the DNL at the digits corresponding to misaligned transfer curves to be more than 1 LSB. The INL is
the deviation in LSB of the actual transfer function of the ADC from the ideal transfer curve (B =). The linearity of the segmented
ADC is mainly decided by the reference error introduced in the 5-bit fine MSBs. This can be seen from o(M), input-normalized ideal
and actual transfer curves of 5-bit fine MSBs versus coarse digits plotted in Fig. 14(a)—(d) for four cases. The factor a(M) affects the
transfer curve through modulating the reference voltage in a manner of o(M)(VRP — VRN). Thus, the larger a(M), the smaller the
reference error 1 — a(M), the modulated actual transfer curve is more close to the ideal curve. To have a better visualization of
reference modulation, B 1 is used in plotting a(M) and actual transfer curves. We see that the deviation of the actual transfer curve
from the ideal curve in the 5-bit MSBs has the same shape with the INL of the 11-bit segmented SAR ADC. To minimize the
reference error, a(M) shall be as large as possible. While for minimum switching energy associated with the MSBs switching, DAS-
AS with a subsample-wise RCR is a good option.
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Conclusion

This article presented the theoretical analysis of an RCR technique for segmented SAR-ADC design. Theoretical analy- sis and
simulation have been performed to analyze the error due to the finite reference capacitance. Both the analysis and simulation show
that in a segmented SAR ADC, successive bit decisions in both coarse and fine SAR ADCs using bitwise RCRs and the MSB copy
from the coarse ADC to the fine ADC using AS with bitwise RCRs, can reduce f significantly compared with other cases without
any performance loss.While the fine MSB copy using detect-and-skip, AS with subsample-wise RCR can reduce reference error and
switching energy compared with a successive decision only SAR ADCs with bitwise or sample-wise RCR that have the same .
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