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ABSTRACT

In this paper, anew high-resolution and high-speed fully differential
Successive Approximation Register (SAR) Analog to Digital Convert
(ADC) based on capacitor merged technique is presented. The maival

Revised01 June2017 of the proposed ideais to achieve highresolution and high-speed SAR
Accepted23 June2017 ADG simultaneously. It is noteworthy that, exerting the suggestec
method, the total capacitance and the ratio of the MSB and LSB capadtt

KEYWORDS are decreased; as a result, the speed and accuracy of the ADC are increz
ADC reliably. Therefore, applying tte proposed idea, it is reliable that to attain
Comparator a 12-bit resolution ADC at 76MS/s sampling rate. Furthermore, the powe
DAC consumption of the proposed ADC is 694uW with the power supply of 1.
High-Resolution v_olts corre_spondingly. The propose_d_ postayo_ut SAR ADC structuresi
High-speed simulated in all process corner c_ondmons andlifferent temperatures of -

) 503 to +503 , and performed using the HSPICE BSIM3 model of a ui8
Power Consumption CMOS technology.
Monte-Carlo

1. INTRODUCTION

The charge redistribution successive approximation
register (SAR) ADC has been a popular candidate
among all the different types of ADC due to advantages
such as low power consumption, switching feature, no
need for precision residue amplification and beig
more amenable to CMOS process scaling thidre other
ADC architectures [1, 2, 3, 33Bwitched-capacitor SAR
ADCs with high resolution are becoming widely used.
Conventionally, a large capacitor array is necessary to
keep a low capacitor mismatch, hence improved
linearity. However, this demands large input
capacitance values and causes csiderable reference
buffer driving power [4, 10, 11, 23, 34]. To achieve high
resolution, a large total capacitance is used to suppress
the distortion caused by the capacitor mismatch [2, 9,
11, 14]. However, the large capacitance introduces high
power consumption for both ADC input and reference
buffers. Several techniques have been proposed for
avoiding the use of the large capacitance in-BACs.
Capacitor calibration techniques have been proposed

for compensating the capacitor mismatch in the
foreground or background [10, 16, 18]. The SAR
structure is relatively simple and does not require a
high-gain, linear amplifier, and an important
characteristic when considering the nanometer scale
processes often used for these AD(S, 14, 15] It is
also important to consider process node and supply
voltage when considering ADC architectures. In
addition to scaling well with decreasing process
geometry, the SAR architecture is naturally more
responsive to low supply voltages thanthe other
medium- or high-resolution Nyquist ADC architectures
[5, 6, 11, 19] Also, a SAR ADC does not require linear
signal swing anywhere other than at its input, this is in
difference to the other architectures, such as pipeline
ADCs, which require higHinearity, high-swing
amplifier where the signal range can be truly raito-
rail. As the supply voltage is reduced, the headroom
required for these amplifiers typically remains
unchanged; therefore, the available signal swing
shrinks and degrades SN, 6, 18].A SARADC can be
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implemented in either fully-differential topology. It is
clear that, a fullydifferential topology has its
advantages, namely, better distortion performance,
better commorn-mode noise rejection, and increased
output voltage swing [7, 19]. Meanwhile, segmented
capagtor structure is also introduced to alleviate this
problem while introducing a non-binary coupling
capacitor [12, 13, 16]. This norbinary capacitor causes
some bottlenecks on layout and mismatch
performance. Thus, it is significant to introduce an
improved segmented capacitor array avoiding the non
binary- weighted capacitor [7, 8, 1118]. However, the
mismatching of binary weightedcapacitor network
and the parasitic capacitors on each side of the
coupling capacitor have great effect on the achievable
resolution which has not yet been analyzed in precise
theory [8].

On the other hand, €C DAC technique is another
choice to achieve high speed and moderate resolution
[22, 25]. It is noteworthy that, a G2C DAC has three
major benefits compared to its birary weighted
counterpart [29, 34]. Firstly, the DAC size increases
linearly with the resolution. Secondly, the capacitive
input loading is fixed, usually a few unit capacitors, and
independent of the resolution on the first order, as a
result the bandwidth is larger. Thirdly, the loading at
each middle node inside the DAC is fixed, and making
the DAC faster and the switch design easier as well [22,
24, 25, 26, 34]. Therefore, SAR ADCs with2C DAC
have the potential to achieve wider bandwidths and
higher speeds though occupying less area. Conversely,
the parasitic capacitance problem in the @C DAC
causes a severe accuracy limitation and it is hard to
achieve high resolutions with this topology [25, 26, 29,
34].

This paper focuses on how a differential SAR ADC
can be designed to achieve highresolution, high-

SAR Logic [

Logic P di

VB

| SAR Logic |:

Figure 1: A general block diagram of the fully differential SAR
ADC

Generally, the SAR ADC based on capacitor DAC
contains the comparator, the SAR registers and the
digital to analog converter basically. The SAR
architecture uses powerful binary search algorithms
with DAC capacitor array and SAR registers
approximating the input signals, while the comparator
takes decisions on the approximated inputs. The
decision made is used to approximate ingts further,
and this process continues until the entire digital code
is obtained. The SAR ADC operation is serial by nature,
AT A EO OANOEOAO AO 1 AAOGO
| OOPOOh xEAOA O1 6 OAPOAOGA
resolution of the ADC 8, 14, 16, 18, 30, 31, 33]. The
proposed fully differential SAR ADC architecture is
shown in Figure 2.

The main purposes of the proposed idea are to
achieve a highresolution and high- speed SAR ADC
simultaneously. For this case, a hew capacitor merged
technique is applied in this paper, which the first 7bits
(LSB bits) and the last 5bits (MSB bits) are employed
G-2C and BinaryWeighted Capacitive DAC techniquye
respectively. It is noticeable that, applying this
technique the total capacitance and the t#& of the MSB
and LSB capacitors are decreased extremely, as a result
the speed and the accuracy of the system are increased

0
)

speed and very low power in the 0.18um CMOS process as well. Meanwhile, the effect of the parasitic capacitors

without using any calibration technique. In order to
enhance the resolution and reduce the number of uhi
capacitors in the conventional capacitance DAC, and to
increase the speed of the system simultaneously, a
novel capacitor merged technique is presented in this
paper. The proposed paper is organized as follows. In
Section 2 the proposed fully differentid SAR ADC is
discussed. Section 3 describes the circuit
implementation. Postlayout simulation results are
presented inSection 4, and finally, section 5 concludes
the paper.

2. THEPROPOSEOFULLY DIFFERENTIALSARADC

The main building blocks of a typical fuy
differential SAR ADC structure is shown ifigure 1.
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in the internal nodes of C2C DAC are negligible,
because as it is cledn Figure 2 the G2C DAC technique
is applied just on LSB bitsOn the other hand, since
both 5 MSB and 7 LSB bits are connected to each other
through the coupling capacitor, in order to improve the
accuracy of the system and decrease the mismatch
effect of the both sides of two DAC arrays, the size of
the coupling capacitor (Cc) is considered 2C reliably.

The conversion process is basically divided into two
phases. During the first (sampling) phase, the bottom
plates of the capacitors are connected to th
corresponding positive or negative input signal (Vin+
or Vin-) while the inputs of the comparator are
connected to the commogmode voltage (Vcm).

Therefore, the capacitors are charged with the input
signal.

18
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Figure 2: The proposedully differential SAR ADC architecture

On the other hand, after the sampling phase, in the first
conversion cycle the bottom plates of the capacitors
are disconnected from input signals and connected to
the Vem in order to determine the reference voltage of
each capacitor block, the sign of the sampled input
voltage is decided, also the inputs of the comparator
are disconnected from Vcm. In the next conversion
cycles, the bottom plates of the capacitors are
connected to either of the maximum or minimum
reference voltages (Vtop or Vbot) or Vcm, according to
the binary word from the control logic which performs

a successive approximation binary search. As a result
of charge conversion at each of comparator input
nodes, their voltage would be the output of the DAC
minus the corresponding input signal Reliably, 4bit
numeral example is presented in order to clarify the
operation of the proposed ADC as well. The voltage
sources of the ADC are supposed to as follows;
Vin+=2.4V, Vin=1.6V, Vtop=2.5V, Vbot=1.5V, Vcm=2V
and Vcmin=2V. Where Vin+ and Vin and Vtop and
Vbot are the positive and negative input voltages, and
maximum and minimum reference voltages
respectively. Also, Vcm and Vcmin are the commen
mode voltage.During the sample mode, the inputs are
being sampled on all the capacitors and during the hold
mode, all the switches are connected to Vcmin which
are depicted inFigure 3 andFigure 4 correspondingly.
The charges sampled in the capacitors during the
sample mode have to be equal to the charges held on
the capacitors during the hold mode owing to the law
of charge conservation, and the value of the first bit is
"1" as clearly exposed in (1). Meanwhile, through the
bit cycling action, the comparator compared/a and \&.

If Va is bigger than \4, the comparator outputs a
decision bit 1. Otherwise, the comparator outputs a
decision bit -1. Generally, asFigure 5 shows starting
with the most significant bit, if the decision is 1the
capacitorslabe-
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-led 2C will switch to Vtop and Vbot at the positive and
negative sides of the DAC respectively, and the rest of
the capacitors are connected to Vcmiat the both sides
of the DAC which the value of the second bit is "1"
equally represented in (2) as well. Also, the next
conversion of the4-bit SAR ADGre illustrated in (3)
and Figure6, clearly. As a result, VB is increased by the
first binary weight, and VA is reduced by the first
binary weight in the first cycle.

Vin+
C/4‘L C/""‘L CJ‘ .'ZCL

LT T v,
Vem
Vin- C/4+ sz+ C;IL 2C:|: B

Figure 3: During the sample mode of 4bit SAR ADC
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Figure 4: During the hold mode of 4bit SAR ADC
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Figure 5: During the bit cycling action of 4bit SAR ADC
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It is noteworthy that in (3), the value of the third bit  area of capacitor array increases and hence the
is undefined (neither "1" nor "0"), because the output capacitance will become larger.Also, it will increase
voltage difference § ) is O volts. For this case, in order the switching power, capacitor switching time and
to clear the vdue of the faurth bit, first time value of the  input capacitive loading [3, 14, 16, 18, and 31]. To avoid
third bit is supposed to be "1" which is shown irfFigure  these problems a novel merged capacitor DAC is
7, as itis clear in (4), in this time the value of the toth  presented in this paper. Figure 9 indicates the
bit is achieved "0" as well . Otherwise, if the value of the proposed fully differential 12 bit DAC stricture. As it is
third bit is supposed to be"0" which is shown inFigure  clear in Figure 9, in the proposed idea, the 5 MSB and 7
8, the value of the farth bit is attained as "1" that is LSB bits are implemented with BinaryWeighted

exposed in (5) conspicuously. Capacitive and €C DAC technique respectivelyThe
key motivations of this idea are reduced the total

3. ORCUITIMPLEMENTATION capacitive and increased the speed of the DAC as well.

A.Digital to Analog Converter (DAC) In the proposed structure, in order to reduce the total

capacitance and to increase the speed, just 7 LSB bits
are implemented with the G2C DAC technique,
because as discussed above;2C DAC is not the good
choice for highresolution circuits.

It is notable that, a 7bit conventional binary-
weighted capacitor DAC requires 128 unit capacitors,
which is a large sum that is difficult to accomplishvith

The DAC producing the analog voltage is one of the
most significant subblocks which dominate the
statistic linearity [3,9]. Basically, for a high resolution
SAR ADC, high linearity capacitor array is necessary to
assure that the switching voltage is binary weighting
[16]. It is noticeably that, for each additional bit, the
numbers of the capacitors rise exponentiallyand the
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high yield at this nascent stage of process development. B. Comparator

While, a 7bit C-2C DAC only requires 20 unit The schematic of the proposed comparator circuit is
capacitors which is a quantity easier to fabricate with jjjystrated in Figure 10. This comparator is composed

high _yieId, and the value of the unit capacitor (C) is of one preamplifier stage and latch stage.
considered 62.5fF. In the proposed D@ structure, Fundamenta”y, in a Switchedcapacitor latch
another considerable Significant pOint is the COUp”ng comparator, other than thermal noise, the main

CapaCitor size. Since both 5 MSB and 7 LSB bits aresources of errors are comparator offset, clock

connected to each other through the coupling feedthrough, and kickback noise [, 28, 30]. In a SAR
capacitor. To improve the accuracy of the system and ADC, the comparator offset, normally constant, can be

decrease the mismatch effect of bothides of two DAC
arrays, the size of the coupling capacitor (Cc) is chosen
2C. Likewise, the commostentroid layout technique is
utilized. Meanwhile, to ensure that all unit capacitors in
the capacitor array have the same structure a dummy
capacitor ring isalso used on the edges of the capacitor
array around them. So, by applying this method it is
credible that to achieve high resolution and high speed
ADC properly.

Vtop

Vemin

f
C,’4+ C!’Z% C+ 2ch:

Vemin

Figure 6: During the bit cycling action of 3bit SAR ADC.
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Figure 7: During the bit cycling action of 4bit SAR ADC
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Figure 8: During the bit cycling action of 4bit SAR ADC
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tolerated, since it results in an offset in the ADC 1/O
transfer curve that can easily be tolerated [30].
However, the other two errors must be minimized. It is
clear that clock fealthrough and kick-back noise are
generated at the edge of the comparator clock and the
edge of the comparator input signal, respectively [21,
27, 28, 30, 31]. A basic solution is to use a preamplifier
that reduces the input referred effects of these erros.
However, this noticeably increases the comparator
power consumption [20, 32]. Generally, the pre
amplifier is used to amplify the input signal and block
the kickback noise [28, 31]. Although the output signal
of the pre-amplifier is larger than the input signal, it is
not large enough to drive the digital circuitry, due to
that a latch stage is required to create the full range
signal at the output nodes of the comparator basically
[20, 28-32]. The input signals (Vin+, Vin) are applied
to the gate termials of the M1 and M2.

Then, the amplified signals of AA and BB nodes are
employed to the gate terminals of the M7 and M8
correspondingly to generate full range signals at the
output nodes (out+, out) as well. Meanwhile, M3 M4
and M5-M6 are utilized positive and negative feedback
respectively. Also, the transistors MaM12 play
function of the latch stage to produce full range signal.
Finally, M13, M14 and the reset switch are used to
short the output nodes to speed up the next
comparison of the comparator. It is conspicuous that,
the transistors M13 and M14 are utilized to short the
output nodes (out+, out) with low distortion and low
clock skew as well, instead of using one switch between
the output nodes. For this case, the inverse reset clock
(Resetcb) is applied to the gate teninals of M13 and
M14. Meanwhile, MO and MO1 are the current sources
of the proposed comparator structure.

4. SMULATION RESULTS

In this section, the simulation results of the
proposed fully differential SAR ADC are presented.

The output FFT spectrum of the proposed ADC is
represented inFigure 11, as it is clear in the mentioned
figure, the output THD is less than72dB by applying a
38.38MHz  sinusoidal input frequency at 76MS/s
sampling rate as well.
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Figure 9: A 12 fully differential capacitor DAC

vdd The total power consumption of the suggestedDC

M, M, M, i i i . i
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the ADC is shown in (6).
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Figure 10: The proposed comparator structure | et ENOB= 1161 i e
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Figures 13 and 14 respectively. The temperature
dependency of the SNDR and SFDR are depicted in
Figure 15, while the SNDR and SFDR variations
between-50°C to 50°C were less than 1.2dB andIZB  rjgre 11:The output FFT spectrum of the proposed ADC in
correspondingly. Meanwhile, 500 times MonteCarlo  f,=38.38MHz at &76MS/s.

simulation results of the behavioral model of the

4aM 8™ 2M 16M 20M 24M 28M 32M Hz(lin)

suggested design are shown irFigure 16 (parasitic | JE T R S S A M
capacitance included). Capacitor mismatch : : : ; - : ; : ; :
isT p® B also both reference noise and — .aoap[--oodeedoon b bl
comparator noise errors are T® @ As it is [ snDR = 70,9408 S
clear in figure 16, labeled (A) and (B), show the SNDR ; SNR = 71.17dB : : : : :
and SFDR of the proposed ADC respectivelycan be [ ENOB=11.53 R
seen that the worst and the best SNDR and SFDR are £ | f; = 7T6MS/s SN T B B
about 64.4dB and 73.3dB, 76.1dB and 87.2dB V-SOdBE' ------- Feeeeees oo e el de e feoeees
respectively. Figurel7 labeled(C) and (D) summarizes ARTAEHTRATT W | TR PR,
the simulation results of the SNDR and SFDR versus =~ = %h%‘lwﬁmwmm'ﬂm WMM. WWMWNW
different process corners with a Nyquist rate : : : : : : ; : : :
(38.42MHz) input, at the sampling rate 76MS/s, it S T T T S A T
validate that the SNDR and SFDR of the proposed R T T

architecture are no less than 67dB and 78dB in all
process corners as well. Finally, the layout of the Figure 12: Multi tone output FFT spectrum of the proposed

proposed 12 bit SAR ADC is indicated in figure 18. ADC in $=18.76MHz, 19MHz, 19.38MHz, and 19.68MHz at
fs=76MS/s.
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Figure 13: The postlayout simulation result output FFT
spectrum of the proposed ADC with a Nyquist rate
(38.42MHz) input at =76MS/s.

where Ptotal, ENOB, and fS are the total power
consumption, the effective number of bits, and the
Nyquist sampling frequency, respectively. The FOM
calculated using (6) is 2.88fJ per conversion step. Pest
layout simulations are performed for all corner
conditions using the BSIM3 model of a 0.18um CMOS
process with the power supply of 1.8 volts.
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Figure 14: The postlayout double tone simulation result
output FFT spectrum of the proposed ADC inn£19.15MHz
and 19.19MHz at§=76MS/s.
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5. CONCLUSION

In this paper, anew fully differential SARADCbased
on capacitor merged techniquewas presented The
main purpose of the proposed ideds achievinghigh-
resolution and high-speed SAR AD@Yy exerting the
suggestedmethod, the total capacitance and the ratio
of the MSB and LSB capacitowas decreased, as a
result, the speed and accuracy of the AD@&re reliably
increased.Therefore, applying the proposed idea, it is
reliable that to attain a 12-bit resolution SAR ADC at
76MS/s (sampling rate). Furthermore, at the 1.8V
supply voltage and 76MS/s sampling rate with a

Nyquist input frequency, the ADC achieves an SNDR

and SFDR of 67.52dB and 78.95dEspectively.
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Power Consumption | 490 |[1160| 91 694
Ft7q
FOM(fJ/ConvStep) | 57.2 | - - 2.88
aE s

Figure 18: The layout of the proposed SAR AD.
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