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Abstract—This paper analyzes the thermal and reference noises
of two types of successive-approximation-register (SAR) analog-todigital converters (ADCs): the time-interleaving (TI) and the partial-interleaving (PI) Pipelined. The thermal noise is investigated
with accurate estimation by deriving closed-form expressions according to the noise equivalent models on different phases. Additionally, the design trade-off between power and noise for two
ADC architectures is discussed in detail. On the other hand, the
reference noise due to the large switching transient, which signiﬁcantly degrades the conversion accuracy, is analyzed and veriﬁed
through behavioral and circuit level simulations of two ADC architectures operating at 500 MS/s for 10-bit resolution. The simulated
results show the supremacy of the PI Pipelined-SAR (PS) architecture over the TI-SAR because it exhibits less reference noise sensitivity.
Index Terms—analog-to-digital converter (ADC), reference
noise, successive-approximation-register (SAR) ADC, thermal
noise.
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I. INTRODUCTION

ECHNOLOGY scaling beneﬁts the digital circuitry, therefore, the SAR ADCs due to its highly digital nature and sequential operation achieve excellent power efﬁciency with a sampling rate lower than 200 MS/s and medium to high resolution
[1]–[5]. To further boost its conversion speed to the GHz range,
the SAR ADC can be designed with a TI scheme [6]–[8], where
spurs due to gain, offset and timing mismatches limit both spurious
free dynamic range (SFDR) and signal to noise ratio (SNR). The
former two terms (gain and offset) can be compensated with low
power and area costs and have been addressed extensively in the
literature [9], [10], thus, the timing mismatch becomes the most
critical limitation. Some previous works use TI-SAR ADCs with
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time-skew-calibrations [11], [12]; avoiding the time skews with
the common T/H [13]; using architecture optimization such as the
PI topology [14]. The designs achieve near 8.5ENOB with excellent FoM 100 fJ/conv.step. The timing-calibrated TI-SAR ADC
removes the power and accuracy trade-off in the clock generator.
As the ADC operates dynamically, its power increases linearly with
the number of channels. The PI PS ADC avoids the time skew error
by implementing a full-speed 2 b/cycle conversion at the 1st-stage,
while interleaving the residue multiply digital-to-analog converter
(MDAC) and the 2nd-stage SAR ADCs at the backend. As the sampling instant is only determined by the master clock, precise TI
clock distribution is not required. Therefore, the clock generation
can be designed with very low power to satisfy the jitter requirement only. Consequently, the PI PS ADC architecture maintains its
superiority in power efﬁciency when compared with the timing-calibrated TI-SAR ADC.
Besides the mismatch errors, in high speed ADC designs the circuit thermal and reference noises are the ultimate limiting factors to
the achievable SNR, especially when targeting for medium to high
resolution. The kT/C noise can be suppressed by enlarging the array
capacitance, while the reference noise is a challenging issue in SAR
ADCs.
In practice, the analog circuitry is normally biased by a dedicated linear voltage regulator to isolate the large system digital
noise. Also, the proper placement of decoupling capacitors can effectively attenuate the high-frequency noise. However, the on-die
area budget for decoupling capacitors is limited in practical designs. Therefore, the reference ripple due to the switching transient becomes the main limitation in high-speed and high-resolution ADC designs. For example, targeting for a 12-bit resolution
-based switching, implies that the reference
SAR ADC with
variation needs to be suppressed within 0.012% of the full scale
[15], however, the high-speed SAR loop may not provide sufﬁcient time for the reference to settle within the accuracy requirement before the next bit comparison. To relax the settling accuracy
during large switch transients, some SA searching algorithms like
the non-binary conversion [16] and the error-compensation [17] are
effective approaches to relax this effect.
This paper investigates the effects of thermal and reference
noises in two high-speed SAR-type architectures: TI-SAR and PI
PS. According to the ADC operation, each circuit block is replaced
by its equivalent noise model, which allows the derivation of the
corresponding closed-form noise expression. Besides, for design
considerations based on noise and power optimization in the two
ADC architectures, the relationship between the noise and the
power dissipation for the main analog building blocks (opamp
and comparator) is analyzed. The corresponding power budget
for two design examples of 500 MS/s 10-bit ADCs are provided.
The thermal noise analysis is veriﬁed through transistor-level
simulations with Cadence. Moreover, comparative analysis based
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Fig. 1. TI-SAR ADC architecture and its timing diagram.

Fig. 2. PI PS ADC architecture and its timing diagram [14].

on the interference of reference noise among the sub-channels in
the TI-SAR ADC as well as the sub-stages in the PI PS ADC is
presented, which is veriﬁed by both behavioral and transistor-level
simulations.

the SAR logic that is noise uncorrelated will be ignored in the
discussion.

II. ADC ARCHITECTURE

The noise analysis of the TI-SAR ADC (Fig. 1) is based on the
noise contributions from kT/C and comparator in each individual
channel. In a SAR ADC, the SNR including the quantization noise
power
is calculated as

As mentioned in the introduction, the analysis is based on two
high-speed architectures that are shown in Figs. 1 and 2. An n-bit j
TI-SAR ADC with corresponding timing diagram is described in
Fig. 1, which consists of a number of j TI-SAR ADCs to achieve an
aggregate sampling frequency . The SAR ADC in each channel
is built with an n-bit binary-weighted capacitive DAC (CDAC), a
comparator and SAR control logic. The input signal is sampled
passively onto the CDAC in each channel according to the time
Φ , which is non-overlapped.
sequence Φ
Fig. 2 shows the architecture of an n-bit PI PS ADC [14] with
the corresponding timing diagram. The 1st-stage consists of a 2
b/cycle SAR ADC operating at full clock rate to determine the
coarse m-bit in m/2 conversion cycles, which is shared by 2
TI MDACs (
&
) to perform the residue ampliﬁcation. The opamp is shared between two channels due to low
power consideration with a stage-gain of . The 2nd-stage contains
2 TI-SAR ADCs to resolve the ﬁne
-bit output. Two
stages have one-bit overlapping for digital error correction (DEC)
-bit.
relaxing the conversion accuracy in the 1st-stage to
III. THERMAL NOISE AND POWER ANALYSIS
This section discusses the overall input-referred noise in the
TI-SAR and PI PS architectures mentioned in the above section.
The thermal noise contributions from the main analog building
blocks in two SAR-type ADCs, including the sampling network,
the comparator and the opamp, are derived with closed-form
expressions according to the noise equivalent models. Also, the
power budget from the analog circuitries according to the noise
requirement is quantitatively analyzed. The digital power from

A. TI-SAR ADC

(1)
is the full-scale of the ADC,
and
are the
where
noise power from the sample-and-hold (S&H) network and the
comparator, respectively. For an n-bit ADC, the quantization noise
power is calculated as
(2)
where indicates the least signiﬁcant bit (LSB) of the ADC. The
is
noise of sampling and comparator normalized to
and
, respectively, which results in the total
noise budget of
. As the noise generated from two
is the sum of the kT/C noise
differential DACs is uncorrelated,
power generated from the differential CDACs, and it is expressed
as
(3)
where k and T represent the Boltzmann constant and the absolute
is the required minimum samtemperature, respectively, and
pling capacitance in one of the differential CDACs. With
,
can be calculated as
(4)
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is the value that depends on the biasing condition and
where
the inversion level [18], [22]. Accordingly, the energy dissipation
per comparison during
will be
(11)
Since the conversion requires n comparison cycles, the average
power of each individual channel is
(12)

Fig. 3. The 1st-stage m-bit SAR ADC with opamp-shared TI-residue ampliﬁcation.

Assuming
, the average power dissipation of the fully, according to
differential comparator in the TI-SAR ADC
(6), (9), (11), and (12), can be obtained as
(13)
By substituting (2) into (13), it can be observed that when
,
is proportional to
, which indicates that 1-bit accuracy improvement requires 4 power consumption. The corresponding average power dissipation in the TI-SAR ADC has the
comparator as its main contributor, as illustrated in (13).

Fig. 4. S/H circuit with thermal noise sources.

The input-referred noise of the regenerative comparator is
proven to have the kT/C-form [18], [19] and can be described by
(5)
where is the thermal-noise factor (for a long-channel MOSFET
, for a deep sub-micrometer MOSFET,
in saturation,
[20]), is an architecture-dependent parameter, and
is
the equivalent loading capacitance, whose minimum value
set by the minimum feature size is assumed to be 5 fF [21]. With
, the loading capacitance
is derived as
(6)
In summary, the total noise power contribution in the TI-SAR ADC
can be obtained by the summation of (2), (3), and (5)

(7)
Since the TI-SAR operation doesn't need residue ampliﬁcation, the main analog circuitry is the comparator only. Next, the
power dissipation in the comparator is discussed. The sampling
. It is assumed that
frequency of each individual channel is
the ratio of time allocation between sampling and n-bit conversion is 1:n, and the comparison time
occupies 1/4 of each bit
cycling . As the comparator is required to regenerate an input
difference of
to
within , the time constant
, where
is the transconductance of the
inverter in the latch stage, can be determined as
(8)
and thus

can be obtained as
(9)

is deﬁned as the minimum current drawn from
, which can be written as
the desired

to achieve
(10)

B. PI PS ADC
The noise analysis of the PI PS ADC is more complex as its operation comprises multi-phases for conversion and residue ampliﬁcation. As mentioned in Section II, the noise level of the 1st-stage
comparator can be relaxed to
-bit due to DEC, which is easy
to achieve. To simplify the analysis its noise contribution will be neglected in the following discussion. The analysis of the main noise
sources, including the kT/C, the opamp and the comparator in the
2nd-stage, is presented. Normalizing these three noise portions to
the quantization noise
leads to
,
and
.
Firstly, the noise performance will be investigated phase by
phase under different noise sources. Fig. 3 shows the architecture
of the m-bit 2 b/cycle SAR ADC with TI MDACs in the 1st-stage.
of Fig. 2 is analyzed, since the
Only the noise transfer in
is used to assist the 2 b/cycle comparisons, and it is not
involved in the residue ampliﬁcation. Assuming two ADCs target
the same kT/C noise, according to the PI operation, the sampling
and the
capacitance that contains the sum of the
in Fig. 2, is the same as the
&Φ
),
TI-SAR ADC. During the sampling phase (Φ
the input signal is sampled onto both top-plates of
and
. The S/H circuit and its noise equivalent circuit are
is off, the noise
shown in Fig. 4. When the sampling switch
charge
on the top-plate of the three capacitors is frozen. Instead
of using the noise transfer functions (NTFs), a simpler way to ﬁnd
is to use thermal equilibrium from statistical mechanics
out
[23], [24], which states that any energy storage element (or “degree
of freedom”) in the thermal equilibrium holds an average noise
can be calculated as
energy of kT/2. Thus the
(14)
& Φ
),
During the coarse conversion phase (Φ
,
the m-bit binary-searched approximation is performed in
where the
connected to
serves as a reference
divider [14]. Once the conversion is done, the residue is generand
. According to
ated on both top-plates of
the PI operation, only the
is involved in the residue amconnected to
in Fig. 2
pliﬁcation, while the
is
starts a new sampling. The noise charge sampled by
transferred and appears at the opamp's output. There is an intermediate phase between conversion and ampliﬁcation phases, when
turns off Φ
to disconnect the
to
the switch
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Fig. 5. Coarse conversion circuit model with thermal noise sources.

. Assuming zero noise contribution from the switch
at the moment, the noise charge calculated from (14) are then sepand
according to the capacitor
arated into the
size, and the corresponding noise power of
can be deduced as
(15)
Now, the analysis of the noise contribution from the switch
(Fig. 5) is proceeded by assuming zero noise contribution
from the sampling phase Φ in Fig. 5. As both top-plates of
and
in Fig. 5 are in high-impedance state, and
turns
the initial noise charge stored on them is zero before
off, the total noise charge is constrained to 0 when
turns
and
hold the same amount of
off. As a result,
charge with opposite polarity,
(16)
and
correspond to the portions of the
where
and
, respectotal noise charge distributed on
tively. As there is no noise injection from the noise sources of the
bottom-plate switches
and
(since the top plates are in
high-impedance state), the circuit model is simpliﬁed as shown in
Fig. 5(c). Based on the Kirchhoff's voltage law (KVL), the equivalent circuit of Fig. 5(c) can be obtained as shown in Fig. 5(d). Oband
are connected in series, and thus
viously,
the noise charge
can be derived as
(17)
accordingly, the corresponding noise power is equal to

(18)
As the noises generated from
and
are uncorrelated, the
total sampling noise power in the differential circuit doubles the
sum of (15) and (18),
(19)
The same result can be obtained by using the thermal equilibrium
directly on the ﬁnal resulting top-plate of
of Fig. 5(b).
From the observation, the sampling noise can be suppressed by
and
.
increasing the capacitance of
On the ampliﬁcation phase Φ
, the
serves as
to the output of the
a ﬂip-around MDAC, which feeds back
residue ampliﬁcation. All the noise charge stored on
opamp for
the capacitance
and
is transferred to
. With

Fig. 6. Ampliﬁcation circuit with thermal noise sources.

, and
sampling noise power is,

as indicated in Fig. 3, the total output
(20)

Fig. 6 indicates the circuit model with noise sources during Φ .
Assuming that three switches
,
and
are designed
sufﬁciently large, in order that the ampliﬁcation bandwidth is dominated by the opamp, which is a usual design practice. Therefore,
the circuit is treated as a single-pole RC network with the corner
deﬁned by
frequency
(21)
(22)
where
is the feedback factor of the
when the open-loop
ampliﬁcation stage,which approximates
DC gain of the opamp is sufﬁciently large.
and
are the input
parasitic capacitance and loading capacitance, respectively.
For a single-stage operational transconductance ampliﬁer, the
power-spectral-density (PSD) of the total input-referred noise can
be deduced as

(23)
and
are the transconductances of the input pair and
where
the current source load, respectively. If
that implies
the opamp noise has the input pair as its main contributor, the value
will be close to 1. The input-referred noise is shaped by the
of
close-loop bandwidth, giving rise to the output opamp noise power
of

(24)
Note that the total opamp noise power is not a function of
since the noise bandwidth is proportional to
, while PSD is inversely proportional to
. Besides, the noises from the on-resisand
are ampliﬁed by
tances of
and 1, respectively, and both of them are band-limited by
.
Thus, their noise contributions to the sampled output can be derived as

(25)
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to a signal full-scale
Moreover, the current required to charge
during
can be calculated as,
of
(26)
Due to the fact that the on-resistances of the switches (
and
) are usually designed much smaller than
, the terms
and
are much smaller than
. Also, the
of
has negligible noise contribution since its noise power
switch
is divided by
when referring to the ADC's input. Therefore,
the output noise power on the ampliﬁcation phase approximates
. Referring
to the ADC's input gives
(27)
with the presumption that
calculated as

, the value of

can be

(34)
Finally, according to (28), (33), and (34) the power consumption of
the opamp is represented as

(35)
As the 1st-stage performs a 2 b/cycle conversion, it requires three
comparators to operate synchronously with
-bit accuracy. If
, the total average
the regeneration time for each comparator is
power dissipation from the three comparators in the 1st-stage, derived similarly as (8)–(13), will be

(28)
The input-referred noise from the 2nd-stage comparator can be derived similarly as the analysis in the previous Section III-A, i.e.
(29)
where the loading capacitance
of the 2nd-stage comparator
,
can be calculated with the noise budget
(30)
Consequently, the total input-referred noise can be obtained by the
summation of (19), (27), and (29),

(36)
The conversion accuracy for the comparators in the 2nd-stage is
-bit, and two TI-SAR channels are implemented according
to the timing sequence shown in Fig. 2, which leads to its total
average power consumption that is

(37)
Consequently, the total average power from the opamp and comparators in PI PS ADC can be obtained by combining (35), (36),
and (37) leading to

(31)
By comparing the total input-referred noise power of the two ADC
architectures obtained from (7) and (31), it can be concluded that
due to the PI operation the PI PS ADC draws twice of the sampling
noise power than the TI-SAR ADC. Also, the use of the opamp
induces extra noise into the conversion, while it can relax the noise
and accuracy requirements of the 2nd-stage comparator, leading to
power reduction of the 2nd-stage comparator.
Secondly, the power budgets for the opamp and comparators in
each stage are derived. The m-bit residue generated from the 1ststage is ampliﬁed by times to the next stage, leading to the full. Since
scale of the input signal for the 2nd-stage of
1-bit DEC is considered, the conversion full-scale for the 2nd-stage
is
. As the 2nd-stage resolves
-bit, the
of the 2nd-stage is equal to
. The maximum
output voltage error induced by the gain error is required to be
, and the gain error should be suppressed
less than
less than
(32)
According to the timing diagram in Fig. 2, the ampliﬁcation time
is set to be
. Assuming it is equally divided into two parts:
and linear settling time
, the settling error
the slew time
thus can be represented as
, where
is
the time constant of the opamp. According to (32), the current for
should be at least
linear settling
(33)

(38)
C. Power Comparison of Two ADCs
This subsection provides the power optimization of PI PS ADC
under different stage gains and number of bits allocation in each
stage. Also, the power comparison of the TI-SAR and PI PS ADCs
under the same noise budget and operation frequency will be illustrated. As the existing work of a PI PS ADC achieved the sampling
frequency of 500 MS/s with 10-bit resolution [14], the two design
examples referred here target the same speciﬁcations. The 10-bit
single channel SAR can achieve a sampling frequency near 100
MS/s [25], [26], therefore, the number of channels of the TI-SAR
ADC is set to be 5. The power comparison between TI-SAR and
PI PS ADCs is based on the assumption that the same sampling capacitance and total input-referred noise budget are considered. The
coefﬁcients
and
in the TI-SAR ADC are assigned to be 1
and 3/2, respectively, which results in a total noise budget of
corresponding to 5.4 dB SNR loss. Accordingly, in the PI PS ADC
equals to
(according to (7) & (31)), and the noise contributions from the opamp and the 2nd-stage comparator are equally
distributed as
.
Fig. 7 illustrates the power dissipations of the PI PS ADC under
different stage gains and number of bit allocations between two
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; (b)

,

Fig. 8. Comparison of power dissipations between 10-bit 500 MS/s TI-SAR
and PI PS ADCs.

stages, which are plotted according to the theoretical models in (13)
,
1,
,
and (38) (Some variables are set to be
and
[18]). In Fig. 7(a) and (b) the
power dissipation is mainly dominated by the opamp. The opamp
power consumption remains constant under different stage gains,
set by the opamp
since the equivalent loading capacitance
noise is relaxed by the stage gain as indicated in (28). Further, unlike the pipeline ADC, the pipelined-SAR structure quantizes larger
is constrained by the achievnumber of bits in the sub-stage. If
able minimum unit capacitance [10] in the DAC, the power drawn
from the opamp will rise linearly with the stage gain [3]. With a
stage gain of 2 the 2nd-stage comparator consumes even larger
power than the opamp. The power consumed in the 2nd-stage comparator is reduced exponentially as the stage gain increases. Comparing Fig. 7(a), (b), and (c) when the number of bits in the 1st-stage
increases, the opamp's power dissipation scales down accordingly
due to the reduction of both the gain accuracy and the output swing.
In [14] the stage gain is set to be 4, and the bit allocation in the 1stand 2nd-stage is 6:5, which is a comparatively power-optimized
combination as illustrated in Fig. 7. The power dissipation of this
PI PS ADC is compared with the 5 TI-SAR ADC, where the
power breakdown is plotted in Fig. 8. It can be seen that targeting
for the same conversion accuracy and speed, the PI PS ADC is more
power efﬁcient than the TI-SAR ADC, where the total power consumed in the PI PS ADC is 20% less than in its counterpart.
IV. REFERENCE ERROR CAUSED BY SWITCHING TRANSIENT
The SAR ADC relies on the CDAC to perform the binary-search
feedback. When the capacitors in most signiﬁcant bits (MSBs) are
charged or discharged according to the switching nature, it causes
large current-induced reference ripples degrading the conversion
accuracy. The high-resolution SAR ADC has a stringent requirement for the precision of the reference voltages. For a low-speed
SAR ADC the reference error due to switching transient is not
problematic, as the SAR loop provides sufﬁcient settling time for
the DAC and references. However, this problem is critical in highspeed design, as the time spared for the reference recovery is limited. The reference errors become more signiﬁcant in ADCs using
the TI scheme such as TI-SAR and PI PS architectures, where the
multi-channels share the same reference source and operate simultaneously. The conversion in each channel interacts via the refer-

Fig. 9. Reference voltage generation network.

Fig. 10. Equivalent RC model of the reference network.

ence source, ﬁnally leading to signal-dependent errors that are difﬁcult to be calibrated.
In practice, the analog circuitry is normally biased through a low
noise and low dropout (LDO) supply voltage provided by a LDO
regulator to isolate the large system digital noise. Fig. 9 shows the
block diagram of the reference generation network for the CDAC.
The LDO [27] delivers a low noise supply, which is used to generate
the desired reference level
to the reference buffer. The buffer
is built with the ﬂipped voltage follower (FVF) topology to provide
for high-speed drive [28].
sufﬁciently low output impedance
A decoupling capacitor
of 3 pF is placed on the output node
.
to suppress the noise, occupying a small die area close to 240
It is assumed that the power supply rejection ratio (PSRR) and transient response of the LDO achieve sufﬁcient accuracy, as referred
in the following discussion. Fig. 10 shows the equivalent RC model
when the MSB capacitor is charged by the reference voltage, which
will also be used next.
A. Reference Errors in the Single Channel SAR ADC
The above reference generator is applied to the 10-bit 100 MS/s
single channel SAR ADC with the same conﬁguration as mentioned
previously. The SAR ADC is built with a 9-bit binary-weighted ca-based switching [26]. The sampacitive DAC (CDAC) with
pling capacitance of 700 fF is used, which is the same of the PI PS
SAR ADC [14]. Assuming that the settling speed of each bit cycling
is mainly dominated by the time constant
of the
reference buffer, the on-resistance of the switch connected to the
bottom-plate of the DAC is designed to be sufﬁciently low, whose
size scales down according to the ratio of the binary-weighted array.
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Fig. 11. 10-bit SAR ADC conversion with the switching energy and

variations in the ﬁrst two bit transitions.

Fig. 11 shows the switching procedure and timing slot of the MSB
is 1.2
, two corresponding
and MSB/2 transitions. As the
and
) of 900 mV and 300 mV
reference levels (
are required. According to the timing allocation discussed in Section III, it is assumed that the sampling period is 800 ps, and it
takes 8 ns to complete 10 conversion cycles. Accordingly, each bit
cycling takes 800 ps for comparison, logic processing and DAC settling, where half of it is assigned for the ﬁrst two terms. Therefore,
the time spared for DAC settling is 400 ps.
-based switching, once the deAccording to the nature of the
cision is made, the MSBs in the two differential DACs are switched
, respectively, while the rest bits continue
and
to
. The reference ripple and the corresponding
connected to
switching energy due to the MSB transition are illustrated in
Fig. 11. Both charging and discharging the MSBs cause reference
from
and
ripples, where the reference variations
exhibit the same amplitude with opposite polarity. Since
the DAC operates differentially, the overall reference drop will be
. The switching energy drawn from
and
is
and
, respectively, which corresponds to a
. Moreover, the energy drawn
total switching energy of
is cancelled out differentially, therefore, the conversion
from
variation. As charging or discharging the
is insensitive to
“0” or “1”) consumes the same
MSB in either of the DACs (
, the reference error at the MSB
switching energy of
transition is signal-independent. However, the reference ripple at
the MSB/2 transition is code-dependent. From Fig. 11, when the
“10,” the MSB/2 in
and
ﬁrst two bit decisions are
and
, respectively, conare charged to
, while the complementary
suming switching energy of
“11” consumes
switching operation performed when
. Correspondingly, the amplitude
switching energy of only
of the reference ripple at the MSB/2 transition is signal-dependent
and the worst case happens when the ﬁrst two bits are switched to
“10” or “01”), as shown
a complementary logic decision (
in Fig. 11. Fig. 12 shows the switching power consumption in the
SAR ADC versus each bit cycle. The consumed switching energy
for each bit cycling is code-dependent, which reduces gradually as
a less number of units are charged or discharged. Therefore, the
reference ripples are much smaller during the LSBs' transitions.
To guarantee 10-bit conversion accuracy, the reference error
appearing at the DAC's output voltage error
must be

Fig. 12. Switching energy versus code in each bit-cycle of the SAR ADC.

Fig. 13. Equivalent output impedance
in the ﬁrst two bit transitions.
error

versus top-plate voltage settling

less than LSB/2 for each bit comparison, which can be represented
as,
(39)
and
are the total capacitance of the CDAC and the
where
capacitors connecting to the reference voltage, respectively. As the
happens at the MSB/2 transition when
maximum
“10” or “01” and the transient response of the reference buffer de, the value of
pends on the time constant
should be set properly to tolerate the settling error in the worst case.
Fig. 13 plots the sweep of
versus the voltage error
in
of 30 , the settling
the ﬁrst two bit transitions. By choosing a
error is controlled within the tolerance range of the ADC. Thus,
considering the reference error only, and the circuit is otherwise
ideal, the single channel SAR ADC can achieve a SNDR of 62 dB.
Based on this settling condition, the reference errors in the TI-SAR
ADC and the PI PS ADC will be further discussed.
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B. Reference Errors in the TI-SAR ADC
Based on the model of the reference generation discussed previously, which satisﬁes the settling accuracy requirement for the
single channel SAR ADC, this sub-section quantitatively analyzes
the conversion error due to the reference ripple in the 5 TI-SAR
ADC. The timing diagram of the TI-SAR ADC is shown in Fig. 14,
where the time allocation for sampling and bit cycling in each
channel follows the single channel SAR ADC as aforementioned.
Accordingly, as illustrated in Fig. 14, when Ch.1 performs the
MSB/2 transition (
“10” or “01”), the reference ripple
disturbs the comparison in Ch.3 and Ch.5, which are in the former
half period of the bit cycling performing the comparison and logic
processing. However, the operations in Ch.2 and Ch.4 are not
inﬂuenced by the reference error, as Ch.2 is sampling the input
, which is reference-insignal and all the DACs are reset to
dependent. Also, Ch.4 in the later half period of the bit cycling is
performing the 7th bit transition simultaneously. Therefore, only
Ch.3 and Ch.5 suffer large residue errors
at
the end of the conversion. The largest quantization error in Ch.5
rather than the 10th bit
can go up to 4 LSB, as the 5th bit
in Ch.3 is determined. Moreover, the residue error
is
when the decisions
signal-dependent. It results in a maximum
of the ﬁne conversion are “1111”, as
of the 4 MSB bits
the largest number of bit capacitance
is connected
. According to Fig. 14, the largest voltage drop of the
to
is 22.75 mV, which results in a residue error
reference
of 17 mV for the comparison in Ch.5. The wrong decision
ultimately leads to a 4 LSB quantization error at the digital output.
The possible solution to alleviate the reference cross talk among
the TI-SAR ADC would be to use an individual reference buffer
in each channel. However, the ADC will be subjected to extra
power dissipation as well as conversion error due to the reference
mismatches.
C. Reference Errors in the PI PS ADC
In the PI PS ADC, the 1st-stage is implemented with a 2 b/cycle
SAR for high-speed. Conventionally, to perform 2 b/cycle 3 DAC
arrays are required to generate additional reference levels for 2 b
comparison in each cycle. By using interpolation [29] as shown in
&
Fig. 2, the number of the CDACs is reduced to two (
). The
contains the same total sampling capacitance of 700 fF as TI-SAR ADC, and the total capacitance in the
2nd-stage CDAC is 176 fF, which is sufﬁcient for the noise requirement in the 2nd-stage. Fig. 15 details the timing diagram of the
1st- and 2nd-stage SAR operations, where the same sampling time
of 800 ps is set as the TI-SAR ADC, and each bit cycling in the
1st- and 2nd-stages is assigned to be 350 ps and 400 ps, respectively, where half of the bit cycling is spared for the DAC settling.
is sampled onto the two CDACs
During sampling, the input
in the 1st-stage, where the bottom-plates are all reset to
. The
with three reference
ﬁrst two bits are determined by comparing
and
via 3 comparators. Once the sampling
levels:
is completed, the
and
generate two complemenand
tary reference levels by switching the MSB capacitor to
, respectively. The corresponding switch logics are listed in
the table of Fig. 15. For example, if
, the determiwill be “11,” the ﬁrst two MSBs
nation of the ﬁrst two bits
and the
) in
and
are both charged
(
to
, resulting in the DAC output of
. Fig. 15
illustrates the worst case that causes the largest reference ripple
“01.” Based on the logic, 12.5% of the total cawhen
pacitance is discharged to
, thus the
in
and
,
in
are charged or discharged, accordingly.
This leads to the largest reference ripple
equivalent to 9 mV error at the DAC output. Since the 1st-stage

Fig. 14. The worst case of reference ripples in the TI-SAR ADC.

resolves the coarse 6 b, the tolerable residue error is less than 9.3
mV (i.e.
). Therefore, the largest residue error in the 1st-stage
conversion is acceptable.
With the stage-gain of 4 and 1 bit overlapping, the reference
which is obvoltage for the 2nd-stage SAR ADC is
tained by using a 5-bit split-DAC to scale down the reference
voltage by 16 as shown in Fig. 15. In this way, two stages can
share the same reference voltage to save extra power dissipation
on the reference generator [3]. However, since two stages perform
the conversion in a pipeline fashion, the reference ripples due to
switch transient in the 1st-stage potentially affect the conversion
accuracy of the 2nd-stage. Fig. 15 details the worst case of this
effect. When the largest reference error occurs, the 2nd-stage SAR
. Similarly,
ADC in Ch.1 is performing the 4th-bit comparison
the worst case of residue error happens when the ﬁrst 3 MSBs
of the ﬁne conversion are “111” (maximum capacitance
is connected to
), which leads to a 9 mV DAC
voltage deviation from the ideal value at the 2nd-stage DAC's
output. Correspondingly, it ﬁnally results in a 2 LSB input-referred
quantization error, which is smaller than in the TI-SAR ADC.
V. SIMULATION RESULTS
The above thermal-noise analysis is validated by transient noise
simulations in Cadence using a 65 nm CMOS technology. Two
10-bit 500 MS/s ADCs built with 5 TI-SAR and PI PS architectures are demonstrated, where the control logic and comparator
are ideal and the ADC is otherwise all transistor-level. The simulation results are obtained under typical-typical (TT) corner with
the temperature of 27 . In the TI-SAR ADC, the simulated kT/C
, which
noise with the sampling capacitance of 700 fF is 112
closely matches the result of 109
from (3). For the PI PS
is 154
,
ADC, the simulated sampling noise voltage
based
which also matches with the calculation result of 153
on (19).
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Fig. 17. Input-referred residue error of the TI-SAR ADC with a ramp input
to
.
from

Fig. 18. Input-referred residue error of the PI PS ADC with a ramp input from
to
.

Fig. 15. The worst case of reference ripples in the PI PS ADC.
Fig. 19. Simulated ADC output spectrum of TI-SAR ADC with reference
noise.

Fig. 20. Simulated ADC output spectrum of PI PS ADC with reference noise.
Fig. 16. Opamp circuit schematic.
TABLE I
CALCULATED AND SIMULATED OUTPUT-REFERRED NOISE VOLTAGES IN THE
PI PS ADC (NUMBERS ARE IN
)

assigned to be half of the ampliﬁcation period (i.e., 1 ns), the time
constant can be derived as
(41)
. As aforementioned, the ﬂipwhere
around MDAC has a total capacitance of 350 fF, in which the feedback capacitance is 87.5 fF. Together with the loading capacitance
of 176 fF, the
is equal to 242 fF, thus the minimum
can
be derived as
(42)

The PI PS ADC contains additional noise from the opamp. With
6 b resolution at the 1st-stage and a stage-gain of 4, a maximum
output voltage error in the 2nd-stage induced by the gain error is
required to be less than half LSB of the 2nd-stage ADC, thus the
acceptable gain error is calculated as
(40)
Thus the open-loop gain should be larger than 42 dB (
,
). Also, the linear settling time for the opamp

is

The opamp is designed with a gain-boosted telescopic topology
[14], which achieves an open-loop gain of 68 dB and a GBW of 1.7
GHz (Fig. 16). The main noise sources in the opamp are the input
pair
and the current source
with the corre, leading to
.
sponding transconductance
By selecting the thermal-noise factor
, the opamp noise
power can be calculated based on (24). The calculated and simulated noise contributions from different phases in the PI PS ADC
are summarized in Table I. The total output-referred noise voltage
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TABLE II
SIMULATION RESULTS OF THERMAL AND REFERENCE NOISES IN TWO ADC
ARCHITECTURES

is obtained by summing the noise voltage from both samand ampliﬁcation phase
on the opamp's
pling phase
output node according to (20) and (24). It is shown that the above
noise estimations match with the simulation results. The total noise
voltage
referred to the ADC input is 227
, corresponding to a SNR of 60.35 dB.
To demonstrate both the static and the dynamic errors in the
overall ADC's performance due to the reference noise, the ADCs,
including the equivalent RC model of the reference network shown
in Fig. 10, are implemented. Also, to eliminate the other circuit
non-idealities, except for the switches connected to the reference
voltages, the sampling network, comparator, SAR logic and opamp
are all ideal. The input-referred residue errors after 10 bit quantization of the two ADCs are illustrated in Figs. 17 and 18, respectively.
The maximum residue error in the TI-SAR ADC (Fig. 17) can go
up to 17 mV. However, beneﬁtting from the stage-gain of 4 the PI
PS ADC (Fig. 18) has much higher immunity to the reference error.
Therefore, its maximum input-referred residue error is less than 3
mV. The dynamic performances of the two ADCs are illustrated in
Figs. 19 and 20, respectively. The sampling total harmonic distortion (THD) at Nyquist input frequency is 90 dB in both designs.
It is observed from Fig. 19 that the reference errors in the TI-SAR
ADC give rise to odd harmonics and the spurs spread over the spectrum, which limits the SNDR to 42.3 dB. The SFDR is 48.69 dB
that is dominated by the 3rd harmonic. While in the PI PS ADC the
spurs due to reference errors in Fig. 20 are much lower than those
in Fig. 19, the achieved SNDR and SFDR are improved by 13 dB
and 22 dB, respectively, which reveals the advantage of the PI PS
architecture. Table II summarizes the thermal and reference noise
performances of the two ADC architectures.
VI. CONCLUSIONS
Thermal and reference noises in TI-SAR and PI PS ADCs have
been analyzed and veriﬁed in two 10 b 500 MS/s design examples.
The derived closed-form expressions lead to a complete and accurate thermal-noise estimation which match with the transistor-level
simulations. It is shown that in the TI-SAR ADC, the comparator
is a critical noise source, whose noise is required to be sufﬁciently
low at the cost of spending large power. While in the PI PS ADC,
the sampling noise, due to the reduction of the ampliﬁcation capacitance, becomes one of the dominant factors in the overall noise
performance. Moreover, as an additional noise source, the opamp
also contributes with a signiﬁcant portion to the system's noise,
while it can greatly relax the noise requirement of the comparator in
the sub-stage, thus leading to better power efﬁciency. On the other
hand, the simulations of the reference noise demonstrate that the
PI PS architecture, beneﬁtting from the stage-gain, is 5 times less
sensitive to the reference variation than the TI-SAR ADC.
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