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Abstract
The virtual ground reference buffer (VGRB) technique is introduced as a means to improve the
performance of switched-capacitor circuits. The technique enhances the performance by
improving the feedback factor of the op-amp without affecting the signal gain. The bootstrapping
action of the level-shifting buffers relaxes key op-amp performance requirements including unity-
gain bandwidth, noise, open-loop gain and offset compared with conventional circuits. This
reduces the design complexity and the power consumption of op-amp based circuits. Based on this
technique, a 12b pipelined ADC is implemented in 65nm CMOS that achieves 67.0dB SNDR at
250MS/s and consumes 49.7mW of power from a 1.2V power supply.
I. Introduction

The op-amp is a key building block of switched-capacitor circuits such as pipelined ADCs.
Unfortunately, it has become increasingly difficult to implement a high performance op-amp [1].
The scaling of CMOS results in low intrinsic gain and therefore low open-loop op-amp gain.
Techniques such as gain enhancement and multi-stage configurations have been used at the cost
of added power, noise and speed. To maintain the SNR at ever decreasing supply voltages, noise
is reduced by increasing the sampling capacitance, which increases power consumption. Also,
implementing high bandwidth op-amp circuits for high-speed operation increases power
consumption and noise bandwidth. This has led to several directions in the development of
pipelined ADCs.

A common approach is to employ low-gain and/or non-settling op-amps, and digitally calibrate

the resulting nonlinearity [2-5]. In order to track the power supply voltage and temperature, the



calibration in general must run continuously in the background, which can consume significant
power. Analog techniques have also been employed to relax the open-loop gain requirements of
the op-amp [6-8]. In one technique, the finite gain and in-band noise of the main op-amp is
canceled by sampling a correction voltage onto the next-stage sampling capacitance through an
auxiliary path [5]. The drawback is the power consumption in the auxiliary path and the adaptive
calibration to determine the optimum auxiliary gain. Correlated level shifting (CLS) is another
technique that relaxes op-amp gain requirement and increases its output swing [7-8]. The drawback
is the reduced speed due to the sampling and two settling periods required for its operation.

In other alternative approaches, the op-amp is replaced completely. Zero-crossing-based circuits
(ZCBC) [9-13] are based on the insight that detecting the virtual ground node is more power-
efficient than enforcing it with an op-amp in closed-loop. While energy efficient, managing signal-
dependent DC voltage drops across many switches requires considerable complexity [12]. In the
pulsed bucket brigade (PBB) ADC [14-15], the sampled input charge is re-used to charge the
capacitors in the following stage and the voltage gain is achieved by capacitor scaling. Due to the
nonlinearity of the circuit, continuous background calibration is necessary. Another alternative
amplifier topology is a ring amplifier (RA) [16-18]. The speed of the RA-based switched-capacitor
circuit is determined by the oscillating frequency, and the maximum sampling rate demonstrated
thus far is L00MS/s at a modest 9-bit ENOB [18].

In this work, we exploit op-amp-based switched-capacitor circuits whose principles are very
well understood and the design techniques are mature. The proposed technique significantly
relaxes key op-amp specifications including unity-gain bandwidth, noise, open-loop gain, and
offset voltage. Since the op-amp is allowed to settle fully, calibration to remove charge-transfer
error in PBB and in low gain or non-settling op-amp-based circuits is unnecessary. In addition, the

transient currents and corresponding voltage drops across switches and reference buffers in the



ZCBCs and in non-settling op-amp-based circuits are avoided. The circuit is also shown to achieve
higher maximum operating speed than alternative methods.

An overview of the conventional pipeline circuit is provided in Section Il. Section Il presents
the VGRB technique. Section IV describes the implementation details of the circuit blocks.
Measured results are presented in Section V and Section VI concludes the paper.

I1. Conventional MDAC Switched-Capacitor Circuit

The conventional switched capacitor circuit for a 1-bit flip-around multiplying D/A converter
(MDAC) is shown in Fig. 1. In the sampling phase, the input voltage is sampled on Cyand Ca. In
the charge-transfer phase, C flips around the op-amp, and Ci is driven by either the positive
reference voltage, Vrerp, Or the negative reference voltage, Vrerm, depending on the sub-ADC bit-
decision. In a multi-bit/stage implementation, C1 represents an array of capacitors. The reference
voltages are referenced to the system ground, and on-chip buffers are typically used for high speed
ADCs.

The signal gain G; is determined by the ratio between C; and C>. For example, in a typical 4-
bit/stage ADC, C1 is 7 times C», and Gs is 8. High signal gain corresponds to resolving a large
number of bits in the corresponding stage. Assuming the input voltage is sampled on all MDAC
capacitors, the feedback factor B of the circuit is the inverse of the signal gain in the conventional
circuit, where parasitic capacitance is initially ignored for simplicity. Therefore, for G of 8, p is
1/8. The closed-loop bandwidth is given by Bfy where fy is the unity-gain bandwidth. Since the
signal gain is typically much larger than unity, the unity-gain bandwidth of the op-amp must be
much higher than the closed-loop bandwidth required for settling. For given sampling capacitance
of the subsequent stage, correspondingly high transconductance is required in the op-amp, thus
resulting in high power consumption. In addition, the signal gain is equal to the op-amp noise gain,

thus the integrated input-referred noise of the switched-capacitor circuit is equivalent to the input-



referred noise of the op-amp integrated over the closed-loop bandwidth. High op-amp open-loop
gain is also required for small charge-transfer error.
I11. Virtual Ground Reference Buffer Technique

The proposed VGRB technique in [19] in its charge-transfer phase is shown in Fig. 2. The
sampling phase is identical to that of the conventional scheme in Fig. 1(a). In the charge-transfer
phase, similarly to the conventional circuit, ¢ flips around the op-amp and (i is driven by either
the positive or negative reference voltage. Here, however, the reference voltages are referenced to
the virtual ground node instead of the system ground. Reference voltages are generated by level-
shifting the virtual ground potential.

A variety of circuits, such as a simple source follower, can be used as the level-shifting buffer.
For example, a PMOS source follower generates Vrerp by level-shifting the virtual ground up, and
an NMOS source follower generates Vrerm by level-shifting the virtual ground potential down.
The output voltage of the circuit is identical to that of the conventional circuit once the signals
settle.

The benefit of this technique is revealed in the AC equivalent incremental circuit model in Fig. 3.
Assuming an ideal buffer for simplicity, any change in the virtual ground node voltage is reflected
at the output of the buffer, effectively bootstrapping ¢i away. Therefore, ¢i is removed from the
feedback network of the op-amp, resulting in a unity feedback factor independent of the signal
gain. This is in contrast to the conventional circuit, where the feedback factor 3 is the inverse of
the signal gain Gs. In the proposed technique, that constraint no longer applies and both high signal
gain and unity feedback factor can be achieved.

The performance of the VGRB technique is compared with that of the conventional circuit, both
without parasitic capacitance, in Table 1. The effects of the parasitic capacitance is examined in
the next subsection. In the proposed circuit, the signal gain Gs is identical to that of the

conventional circuit. However, the feedback factor 3 is unity independent of the signal gain. Thus,



the closed-loop bandwidth is higher by a factor of the signal gain compared with that of the
conventional circuit. This means either lower op-amp power or faster circuit operation can be
achieved. Also, the op-amp noise gain is reduced to unity and thus the op-amp noise is reduced by
a factor of the signal gain Gs resulting in a factor of GZreduction of noise spectral density referred
to the ADC input. This is a major advantage since reducing input referred noise requires significant
power consumption. In addition, the op-amp open-loop gain and offset requirements are reduced
by a factor of the signal gain. Therefore, all key performance parameters are improved by a factor
of the signal gain.

For a fair comparison, however, bandwidth, noise, and power consumption of the buffers must
be considered. In the presented ADC, the buffers replace existing reference buffers, thus incurring
insignificant penalty; while off-chip bypass capacitors can be used in conventional circuits to ease
the reference buffer requirements [20-22], on-chip high-speed buffers are strongly desired in high-
speed, high-SNR ADCs to avoid reference voltage ringing [23-25]. More detailed analysis of the
buffer bandwidth and noise is presented in the next subsection.

It is important to note that the benefits are obtained without affecting the signal gain. The
performance is improved by breaking away from the conventional inverse relationship between
the signal gain and the feedback factor. Although the VGRB technique is applied in the
implementation of a pipeline ADC in this paper, the technique can be applied to a broader range
of switched-capacitor circuits, for example, track-and-hold circuits and delta-sigma ADCs.

A. Effect of Parasitic Capacitance

To be more realistic, the effect of parasitic capacitance must be considered as shown in Fig. 4.
The actual improvement in the feedback factor depends on the value of the parasitic capacitance
Cy at the virtual ground node. There are four sources of Cy: the finite gain of the buffer, the buffer
input capacitance Cip, the op-amp input capacitance Ci oa, and routing capacitance Cw. In practice,

the incremental gain of the source follower buffer is typically less than unity and ¢ is not



completely bootstrapped away; a portion of (1 loads the virtual ground node. If the buffer gain is
0.9 instead of unity, the buffer bootstraps away only 90% of the C, capacitance, and the remaining
10% of C; effectively shows up at the virtual ground node. The source follower input capacitance
is dominated by the gate-to-drain capacitance Cqq because Cgys is bootstrapped away and is not a
major source of the input capacitance. The op-amp input capacitance is another source of parasitic
capacitance, and it affects both conventional and proposed designs. In the proposed scheme, for
the same op-amp noise and bandwidth requirements, the op-amp requires much smaller input
transistors, and thus has much smaller Ciqca. The routing of the virtual ground node contributes
parasitic capacitance in the conventional circuit. In the proposed scheme, it can be mostly
bootstrapped away by the buffers as shown later in the implementation. Considering all sources of
parasitic capacitance, the prototype chip achieves an actual feedback factor of 0.3 compared with
0.1 in a conventional circuit, while a feedback factor of 0.5 would be realistically achievable by
further optimization.
B. Noise Analysis

The noise contribution from the op-amp and the level-shifting buffers in the first stage is
compared with that in a conventional circuit that has the same bandwidth. The additional loading
capacitance from the sub-ADC sampling network is not considered and the comparison is made
with simplifying assumptions.
Conventional Circuit
The sampling capacitance in the second stage, Cy, is assumed to be scaled by a factor of four
compared to the sampling capacitance C1 + C: in the first stage. Although 3.9-bits are resolved in
the first stage and more aggressive capacitor scaling is possible for better power optimization,

often the capacitance sizing is dictated by the capacitor matching requirement to ensure the MDAC

linearity [26]. For a signal gain of Gs = 8, the feedback factor § = % considering the effect of



parasitic capacitance, which is approximately twice the feedback capacitance C in a typical
implementation, at the virtual ground node. Thus C: = 7C, and Cp=2C,. The total load
capacitance Cr is

_ Co(C1+Cp)
C1+Co+Cp

CT + CL ES 2962 (1)

The op-amp noise referred to the ADC input during the charge-transfer phase is

_ (4kTy(2gmn,oa+29mp,oa)"f> Bwi1 (2)

V.2
n,oa,in 4 B2 G2

Iimn0a
where gmp,0a and gmn,0a are the transconductance of the PMOS and NMOS device in the input stage
of the op-amp, respectively, and y, typically 2/3 in strong inversion, is a coefficient dependent
on the region of operation [1]. An NMOS transistor input pair with PMOS current source load is
assumed in the op-amp topology. The noise from the added circuitry such as gain boosting and

multi-stage amplifier is considered by the noise multiplication factor, ns. The closed-loop

bandwidth BW = g"é”"’“ﬁ = ‘9;’;"6'"“. For simple PMOS and NMOS source follower reference
T 2

buffers, noise power referred to the ADC input is shown to be

4KkT 4kTy \ N2BW 1
Vrfbm:< V+ V)___z (3)
" Imp,b Imnp/) 12 4 G§

where MDAC code-dependent partial cancellation of reference buffer noise in fully-differential
topology is considered. Here gmpb and gmn,p are the transconductance of the PMOS and NMOS
device in the buffers and N is the maximum sub-ADC code, which is 14 in the prototype, and
uniform-code distribution is assumed.

Assuming gm = Imp.oa = Imnoa: AN gm = Gmpp = Gma,p Tor simplicity, the total input-

referred noise power in the charge-transfer phase is

2 =12 2
V;l,m - Vn,oa,m + Vn,b,m

kTy
== (0.216n; 4+ 0.035). (4



The noise contribution of the reference buffers is insignificant because their noise is partially
cancelled by the differential architecture and further filtered by the op-amp closed-loop bandwidth,
and because their noise gain is lower than the signal gain.
VGRB Circuit

We assume that the VGRB technique improves the feedback factor to 0.3 as in the prototype,
although it can be further improved in future designs. The transconductance gmpb and gmnp are
assumed to be identical to those in the reference buffer in the conventional circuit for a

straightforward comparison. The load capacitance C. is assumed to be identical as well. Given the

c izc = 0.3, the effective parasitic capacitance at the virtual ground node is
27lp

feedback factor g =

C, = ECZ giving the total load capacitance of C; = 2.7C,. Due to the larger feedback factor and
reduced load capacitance, the input transconductance of the op-amp can be reduced to g',, =
0.31g,, for the same closed-loop bandwidth as that of the conventional circuit, and the op-amp

power consumption can be reduced by the same factor. The op-amp noise power referred to the

ADC input is reduced to V2,4, = 0.077 kTCﬂ Note that this is much lower than that of the
2

conventional circuit due to the increased feedback factor, even at much lower power consumption.
Unlike the conventional circuit, noise from the level-shifting buffers does not partially cancel [27].
Again, assuming a simple PMOS and NMOS source follower, for the implemented MDAC scheme

in 1V.B, the buffer noise referred to the ADC input is

8kT 8kTy \ N> BW 1
Vrfbm = ( L + y)___z' (5)
" Imp,b Imnp/) 12 4 G§

The maximum sub-ADC code, N, is identical to the maximum sub-ADC code in Egn. (3) for
comparison and the signal gain is maintained. The buffer noise is still limited by the op-amp
bandwidth since the op-amp transconductance is reduced to g'm. Finally, again assuming g,, =

Imnp = Imnp fOr simplicity, the total input-referred noise power is



=5 kT
V2, = C—; (0.077n; + 0.070). (6)

Compared to the conventional circuit the op-amp power is reduced by a factor of 3.2 and the
noise contribution from the op-amp is reduced by a factor of 2.8. The reference buffer noise
contribution increases by a factor of two due to the lack of the partial noise cancellation, but the
overall noise is still much lower in the proposed circuit. Even in the conservative case of nf =1
where only the input stage transistors contribute noise, the total input-referred noise power of the
op-amp and the reference buffers is reduced by a factor of 1.6. It is interesting to note that with
v = 2/3 in strong inversion, the total noise power during the charge-transfer phase is lower than the
sampling noise. In reality, the op-amp in the conventional circuit will likely have higher ns since
more devices are required to achieve the necessary higher op-amp open-loop gain, and the input-
referred noise power as well as op-amp power consumption in the VGRB technique become even
more favorable. Moreover, the feedback factor in the proposed circuit can be improved further,
which will increase the improvement factors in both the power consumption and noise.

IV. Circuit Implementation
A. Overall Structure

The top-level block diagram of the pipelined ADC implemented based on the VGRB technique
is shown in Fig. 5. The ADC consists of five stages, the first stage resolving 3.9-bits with 14
comparators and a signal gain of 8. The second stage to the fourth stage are identical, each stage
resolving 2.6-bits with 6 comparators and a signal gain of 4. These stages resolve 2-bits excluding
the over-range correction bits. The final stage is a 4.5-bit flash. The digital bits in each stage are
time-aligned, then added to convert to a binary code from a thermometer code, and the low-voltage

differential signal (LVDS) buffers drive the digital codes off-chip where they are truncated to 12



bits resulting in 11.9 bit effective quantization. The chip also includes circuits for clock buffering
and biasing.
B. Multiplying Digital-to-Analog Converter

A total of four level-shifting buffers are employed in each stage of the fully-differential
prototype as shown in Fig. 6 since each virtual ground node requires two level-shifting buffers to
generate the positive and negative reference voltages. Therefore, the implementation in this
prototype chip consumes twice as much power in the buffers compared with conventional circuits
that have two reference buffers. Although not implemented in the prototype, since each stage has
a separate set of reference buffers that are engaged only in the charge-transfer phase, the reference
buffers can be duty-cycled to save approximately 50% of power. Therefore, the total buffer power
would be comparable to those in conventional circuits. Moreover, by breaking up the buffers into
multiple parallel segments and selectively enabling them based on the number of capacitors
connected to them, buffer power can be reduced by an additional 50%.
C. Stage Residue and Over-Range Correction

The first stage has a peak-to-peak differential input signal range of 1.5V and resolves 3.9-bits.
The comparator bit-decision threshold levels in the first stage sub-ADC are 100mV apart, resulting
in a peak-to-peak differential output swing of 800mV in the MDAC for a signal gain of 8. The
over-range correction extends the peak-to-peak differential output swing to 1V. In the second to
fourth stages, comparator bit-decision threshold levels in the sub-ADC are 200mV apart and the
over-range can be applied to a differential input swing range as large as 1.4V. However, the residue
of the preceding stage is limited to a differential swing of 1V since the op-amps suffer from
nonlinearity beyond that range.
D. Gain-Boosted Op-Amp

Due to the reduced open-loop gain requirement, the proposed technique allows a single-stage

gain-boosted telescopic op-amp to be used in the pipelined stages for 12-bit accuracy. In Fig. 7 the



NMOS and PMOS cascode transistors are gain-boosted by a folded cascode boosting amplifier
with a PMOS and NMOS differential input pair, respectively. The gain-boosting amplifier uses a
single transistor for common-mode feedback for simplicity [28]. A conventional switched-
capacitor common-mode feedback circuit is applied to the op-amp.

Since the parasitic capacitance of the input pairs degrades the feedback factor of the closed-loop
op-amp switched-capacitor circuit as described in the preceding section, the input transistors are
kept at minimum length to minimize parasitic contributions.

E. Level-Shifting Buffers

The flipped voltage follower (FVF) [29-30] in Fig. 8 is used as the level-shifting buffer.
Compared with the conventional source follower, the PMOS and NMOS FVFs have better current
sourcing and sinking ability, respectively. In the charge-transfer phase, the PMOS buffers only
need to source current to ¢i and the NMOS buffers only need to sink current to ¢i for an input
voltage within the full-scale. Therefore, the current sourcing from the PMOS FVFs and the current
sinking from the NMOS FVFs give much improved slewing.

In addition to using low-V input transistors, a switched-capacitor circuit sets the body-to-source
voltage, Vss, of the input transistor to further reduce its Vr. The bulk biasing voltages Veiasp and
Veiasm reduce the |Vgs| in the NMOS and PMOS FVFs, respectively, to achieve the targeted
reference voltage Veiasp — Veiasm = 800mV. In the sampling phase, @1, the bulk biasing voltage is
sampled on G. In the charge-transfer phase, @2, the charge on G is shared with Cs2 applying the
voltage across the source and bulk terminals of the input transistor. Throughout the ADC, all
PMOS and NMOS level-shifting buffers share the same Vgiasp and Vgiaswm, respectively.

Since individual stages have separate reference buffers, mismatches in the effective reference
voltage between stages results in linearity errors. For this reason, reference calibration may be

necessary as explained in Section V. In the prototype, both the positive and the negative reference



buffers have gain of 0.91 according to simulation. However, the gain mismatch between the
positive and negative reference buffers can degrade the common-mode rejection ratio (CMRR).
Gain matching within 0.02 is sufficient to provide an average 40dB CMRR over the input range.
It should also be noted that the worst-case feedback factor is realized when all MDAC capacitors
are switched to the lower gain reference buffer.
F. Sub-ADC

A flash ADC is used as the sub-ADC in the pipelined stage. The 3.9-bit flash ADC in the first
stage with 14 decision levels is shown in Fig. 9. The sampling process is identical to that of the
MDAC. To minimize the dynamic offsets generated from the timing mismatch in the sampling
network between the MDAC and the sub-ADC, the sub-ADC in the first stage uses unit
capacitance and switch sizes identical to those used in the MDAC. The dynamic offset in the
second stage and beyond is relatively less serious since both the MDAC and sub-ADC sample a
DC signal from the previous stage. Therefore, the sub-ADC unit capacitor is scaled down to 25fF
to reduce the capacitive loading to the op-amp in the previous stage. Comparator offsets are
calibrated using calibration voltages Vcarp and Vcam to ensure that the amplified residue in the
MDAC stays within the over- range correction. In order to measure comparator offsets, for each
sub-ADC code in the first stage, the sub-ADC codes from the second stage to the last stage are
combined to construct the back-end code. The back-end code corresponds to the digital
representation of the first stage residue. If the comparator offsets in the first stage sub-ADC are
not calibrated, then the back-end codes do not fit in the nominal range. VcaLpr and Vcawwm are adjusted
to bring the back-end codes within the nominal range.

The StrongArm comparator with an extra input pair for calibration in the first stage sub-ADC is
shown in Fig. 10(a). The calibration input pair is scaled down in size by a factor of 5 compared

with the main input pair. A dedicated resistor ladder in Fig. 10(b) generates an array of calibration



voltages that are multiplexed into the calibration input pair. These differential calibration voltages
control the comparator offsets by a step size of £8mV up to £40mV.

The sub-ADCs in the second to the fourth stage are identical and have the same structure as the
first stage sub-ADC. Each sub-ADC resolves 2-bits and the input transistors in the StrongArm
comparators are scaled up for smaller offsets to avoid offset calibration.

G. Bootstrapping the Virtual Ground Node Parasitics

In conventional circuits, the routing capacitance between the virtual ground and the substrate
degrades the feedback factor. The input-referred noise and charge-transfer error increases, and the
bandwidth decreases as a result. In the VGRB technique, the routing capacitance can be
bootstrapped away by the level-shifting buffers as shown in Fig. 11. The level-shifting buffer must
drive a slightly larger capacitive load since it now sees the additional parasitic capacitance Cp rout
and Cp substrate. HOWever, Cp rout and Cpsubstrate are typically small compared with the Cs the level-
shifting buffers are designed to drive, thus the additional capacitance is not significant. For the
prototype ADC, the NMOS level-shifting buffer is used to bootstrap the routing capacitance since
it has a higher transconductance.

H. Feedback Factor in Post-Simulation

An ideal unity gain is desired in the level-shifting buffers to completely bootstrap away C1, which
is 840fF in the prototype. In simulation, both level-shifting buffers were found to have gain of
0.91 instead. Therefore, 840fFx0.09 = 75.6fF of C: effectively appears at the virtual ground node.
The PMOS and NMOS level-shifting buffers combined contribute 87.7fF, mostly from Cgyq of the
input transistors. The op-amp input capacitance adds another 78fF. Extra parasitic capacitance
comes from the routing as the routing capacitance was not bootstrapped aggressively enough. The
final achieved feedback is approximately p=0.3, which can be realistically improved to =0.5 by
increasing the gain of the level-shifting buffer via cascoding the current sources and bootstrapping

the drain of the source-follower buffers, which also bootstraps away the Cgg.



V. Measurement Results

The prototype chip was fabricated in a 65nm LP technology. The die, whose core occupies
0.59mm? is shown in Fig. 12. The full-scale input signal range is approximately 1.5Vpp
differentially. One-time foreground capacitor mismatch calibration for the first stage is applied
off-chip and the calibration coefficients are frozen throughout the measurements. The subsequent
stage capacitors are sized to provide sufficient matching without calibration. During the normal
conversion, the capacitor mismatch calibration requires coefficient additions only, and is estimated
to consume 100uW if implemented on-chip.

Fig. 13 shows the measured linearity of the ADC before the reference voltage calibration. The
INL has 14 vertical voltage drops if reference voltage calibration is not applied. This indicates
mismatch in the reference voltage between the first stage and the second stage. In the prototype,
the reference voltage is systematically lower in the first stage than in the second stage due to the
DC voltage drop along the power supply and ground routing. To resolve the difference, the
differential reference voltage in the first stage is increased by increasing the current for the first
stage NMOS level-shifting buffers. Also, the differential reference voltage in the second stage is
decreased by decreasing the current for the second stage NMOS level-shifting buffers. Within each
14 segments in the INL plot, additional vertical drops exist that arise from the reference voltage
mismatch between the second stage and third stage, as well as the third stage and the fourth stage.
The mismatch is calibrated by adjusting the current level of the NMOS level-shifting buffers in
the corresponding stages. Fig. 14 shows the DNL and INL after the reference calibration. The DNL
and INL are within -0.86/+0.52 LSB and -0.90/+1.08 LSB, respectively, as shown in Fig. 14(b).
Although automatic foreground or background calibration of references is relatively
straightforward, it is not implemented in the prototype for simplicity. Capacitor mismatch
calibration can automatically remove reference mismatches. However, reference mismatches can

vary with temperature and power supply voltages necessitating background calibration. Thus,



simple analog background calibration may be more power efficient. For example, the output of
each reference buffer is periodically compared with a desired reference voltage, and the reference
current is incremented or decremented in a feedback control loop.

The measured noise floor of the ADC is -68dB, the sampling and quantization (11.9b) noise
contributing -75dB and -73dB respectively, and the op-amp and buffers together
contributing -71dB. Fig. 15 shows the output spectra with input frequencies of 12.1MHz and 121.8
MHz at the sampling rate of 250MS/s. At 12.1MHz, SNDR of 67.0dB (10.84-b ENOB) and SFDR
of 84.6dB are achieved. At 121.8MHz, the SNDR degrades by 1.3dB to 65.7dB, which is believed
to be due to the sampling clock jitter. Fig. 16 shows the SNDR and SFDR performance of three
randomly selected dies at a sampling rate of 250MS/s as the input frequency is swept. The SNDR
IS consistent across the three chips. Sampling frequency is swept in Fig. 17 while the input signal
is set at a low frequency. The ENOB is 10.3-bits even at 280MS/s sampling rate.

The chip operates from a 1.2V power supply, and consumes 49.7mW at 250MS/s. The current
consumption for each circuit block is: 23.3mA in the op-amps; 6.9mA in the buffers; 6.0mA in the
clock, digital and flash ADC; 3.3mA in the flash reference ladders; and 2.0mA in the biasing cell.
Even though the level-shifting buffers in the current implementation consume twice as much
power as the buffers in the conventional circuits, they are far from being the dominant power
consumption block, and can be further reduced by duty-cycling and multiple unit buffers as
explained in the previous section. The op-amp takes more than half of the total power consumption.
In this proof of concept chip, standard power saving measures such as op-amp scaling and duty
cycling were not implemented for simplicity. Therefore, there is substantial room for further
optimization and large power savings in future designs.

The performance of this work compared to other single-channel ADCs with a resolution of 12
bits and sampling rate of 200MS/s or greater is shown in Table 3. In [13] and [15], the op-amps

are replaced, and in [3], an op-amp-based digital calibration scheme is presented.



VI. Conclusion

This paper presents the VGRB technique that relaxes the op-amp performance specifications by
improving its feedback factor in switched-capacitor circuits. In conventional designs, the signal
gain of a switched-capacitor circuit is largely determined by the inverse of the feedback factor and
this determines the required op-amp specifications. In this work, the feedback factor is improved
without altering the signal gain. Unlike alternative approaches, it retains the conventional design
style as much as possible while improving the performance by presenting a simple yet power-
efficient way of operating an op-amp-based switched-capacitor circuit. The proposed technique
has advantages in speed, noise, and settling accuracy as well as power consumption compared with
the conventional op-amp based circuit. The prototype pipelined ADC achieves 67dB SNDR at

250MS/s with 49.7mW and is comparable to the state of the art.
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Fig. 1. (a) Sample and (b) charge-transfer operation of conventional switched-capacitor
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Fig. 2. Proposed virtual ground reference buffer technique.
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Fig. 4. Sources of parasitic capacitance that loads the virtual ground node and degrades op-amp

feedback factor.
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Fig. 5. Block diagram of the 12-bit pipelined ADC.
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Conventional Proposed
C C
. Gs . 1+ 1+
signal gain C, C;
B & 1
feedback factor G+ G
Closed-loop fu f
bandwidth Gs u
Input-referred S " Sn,oa(f)m
noise density noa G2
G 1
Charge-transfer error = -
A* A

op-amp open-loop gain
== op-amp input-referred spectral noise density, noise BW = fu/Gs
== op-amp input-referred spectral noise density, noise BW = fu

Table 1. Performance comparison of a switched-capacitor circuit based on the conventional

approach and the VGRB technique assuming no parasitic capacitance.



Shin [13 Dolev [15 Sahoo [3
This Work [13] (15] 3]
JSSC 2014 VLSI 2013 JSSC 2009
Technology 65nm 55nm 65nm 90nm
Op-amp-based Pulsed bucket
. . . - Op-amp-based
Type virtual ground Zero-crossing based brigade digital o . .
R R digital calibration
reference buffer calibration
Sampling Rate 250MS/s 200MS/s 200MS/s 200MS/s
Resolution 12b 12b 12b 12b
Power Supply 1.2v 1.1v v 1.2V
Input Signal
1.5Vp-p 2Vp-p - 1.2Vp-p
Range
SNDR 67.0dB @ 12.1MHz 64.6dB @ 10.1MHz 65dB @ 1MHz 64dB @ 3.5MHz
65.7dB @ 121.8MHz 63.2dB @ 100MHz 57.6dB @ 99MHz 61.6dB @ 91MHz
SFDR 84.6dB @12.1MHz 82.9dB @ 10.1MHz 82dB @ 1MHz 70dB
Power 49.7mW 30.7mW 11.5mw* 348mw
FoM 108.5f)/step 111.0fl/step 39.6fl/step* 1.34pl/step

* Excludes power consumption in reference buffers and digital calibration circuits

Table 2. Performance summary and comparison with other single-channel ADCs with similar

performance specifications.



