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Abstract: An unity-gain 1-bit flip-around digital-to-analog converter (FADAC), without any 
capacitor matching issue, is proposed as the front-end input stage in a pipelined analog-to-digital 
converter (ADC), allowing an input signal voltage swing up to be doubled. This large input swing, 
coupled with the inherent large feedback factor (ideally β = 1) of the proposed FADAC, enables a 
power-efficient low-voltage high-resolution pipelined ADC design. The 1-bit FADAC is exploited 
in a SHA-less and opamp-sharing pipelined ADC, exhibiting 12-bit resolution with an input swing 
of 1.8 Vpp under a 1.1 V power supply. Fabricated in a 0.13-μm CMOS process, the prototype ADC 
achieves a measured signal-to-noise plus distortion ratio (SNDR) of 66.4 dB and a spurious-free 
dynamic range (SFDR) of 76.7 dB at 20 MS/s sampling rate. The ADC dissipates 5.2 mW of power 
and occupies an active area of 0.44 mm2. The measured differential nonlinearity (DNL) is 
+0.72/−0.52 least significant bit (LSB) and integral nonlinearity (INL) is +0.84/−0.75 LSB at a 3-MHz 
sinusoidal input. 

Keywords: analog-to-digital converter (ADC); flip-around digital-to-analog converter (FADAC); 
pipelined ADC; switched capacitor 

 

1. Introduction 

Analog-to-digital converters (ADCs) with above 12-bit resolution and sampling frequency 
above tens of MHz are widely used in modern communications, instrumentation, and high-quality 
consumer electronics. Pipeline converters are still attractive in these Nyquist sampling applications 
that require a combination of high resolution and high throughput[1–8]. For example, pipelined 
ADCs can be good candidates for OFDM-based 5G systems [9], enabling high speed 
communications such as virtual reality, remote sensing, needed by a fifth generation (5G) cellular 
network [10]. Power-efficient and high-performance pipelined ADCs are largely required and play 
a fundamental role. With the scaling of CMOS technology, the operational speeds of ADCs can be 
improved due to a high device cute-off frequency. Unfortunately, the significant reduction in the 
supply voltage and various short-channel effects experienced in these deep-submicron processes 
create both fundamental and practical design limitations, including lower the achievable amplifier 
gain, signal voltage swing and enhanced noise level. These limitations lead to a tremendous 
decrease in the ADC performances, especially if the supply voltage is scaled below 1.2 V [11]. The 
input signal power of the ADCs is strictly limited due to the reduced supply voltages. Thus the 
required SNDR of a high resolution ADC necessitates large-size sampling capacitors at the input 
stage. Meanwhile, the typical implementation of high resolution pipelined ADC requires high-gain 
and wide-bandwidth operational amplifier (opamp), and excellent capacitor matching in front-end 
stages. Especially in the input stage, the required accuracy is usually realized at the expense of high 
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power consumption and design complexity [12]. The low-power high resolution pipelined ADC 
design becomes a great challenge in low voltage deep sub-micron CMOS technology. 

Improving input voltage swing proves to be effective to lower the power consumption [13,14]. 
The larger input signal power can relax the ADC circuit noise requirement, which leads to tolerable 
amplifier input referred noise, lower sampling capacitor size and thus less loading capacitances 
during residue amplifier settling. In addition, the larger input swing offers a higher tolerance to 
opamp and comparator offset, and in turn helps to simplify the circuit design and reduce the power 
further. In this paper, a doubled input voltage swing under low voltage supply is enabled in an 
unity-gain 1-bit flip-around digital-to-analog converter (FADAC) at the input stage of pipelined 
ADC. The large feedback factor and improved SNR in the proposed FADAC result in a power 
efficient high resolution ADC design. 

This paper presents the realization of a low-voltage 0.13-μm CMOS, 12-bit, 20 MS/s ADC. The 
proposed FADAC is incorporated into a SHA-less and opamp-sharing pipelined architecture 
[15–18]. A simple digital foreground calibration is applied to compensate the carry transition error of 
the 1-bit FADAC [19–21]. The prototype 12-bit 20 MS/s pipelined ADC, operating with 1.8 Vpp 
full-swing input at a 1.1-V supply, achieves a peak signal-to-noise plus distortion ratio (SNDR) of 
66.4 dB and spurious-free dynamic range (SFDR) of 76.7 dB. 

This paper is organized as follows: Section 2 presents the circuit configuration and operation of 
the 1-bit FADAC. Section 3 describes the prototype ADC design in detail, followed by the 
measurement results demonstrated in Section 4. Lastly, Section 5 concludes this paper. 

2. Front-end Unity-Gain 1-Bit FADAC 

2.1. Unity-Gain 1-Bit FADAC 

The proposed FADAC is utilized in the input stage. The operation is similar to the input 1.5-bit 
multiplying DAC (MDAC) as in a conventional pipelined ADC [3,14,18,19]. Figure 1a,b show the 
configuration of well-known 1.5-bit MDAC (right in the figure) and the proposed 1-bit FADAC (left 
in the figure). The operating of 1.5-bit MDAC is based on the charge redistribution on the two 
capacitors Cs and Cf, and provides a gain of 2 during the hold phase. The gain accuracy depends 
critically on the matching of these two capacitors. The 1-bit FADAC flips the selected one of the two 
sampling capacitors to the output, and the gain of 1 is perfectly set during the hold phase, without 
any capacitor matching requirement. The flipping operation of the capacitor is the same as that in a 
dedicated flip-around sample-and-hold amplifier (SHA), in which the gain is also ideally 1.  

For the ADC with resolution of 12 bit and above, the sampling capacitor matching strictly 
limited the ADC conversion linearity. Large size capacitors and complicated layout are necessary in 
1.5-bit MDAC, so as to improve the capacitor matching. This will lead to larger silicon area 
occupation and more parasitic capacitance for opamp settling in hold phase, and thus contributes 
extra power consumption. Compared with 1.5-bit MDAC, the 1-bit FADAC suffers free from the 
capacitor mismatch issue. As a result, the proposed FADAC can use smaller-size sampling 
capacitance and save power effectively. 

Neglecting parasitic capacitance at the opamp’s summing nodes, the ideal feedback factor of 
the 1.5-bit MDAC is equal to 0.5, while that of the 1-bit FADAC is 1. The transfer functions of both 
architectures are plotted in Figure 1c. The unity gain of the FADAC accommodates a large input 
voltage swing. With identical voltage references for each, the full-scale input range of the 1-bit 
FADAC is twice as large as the 1.5-bit MDAC, while both maintain the same output range. Thanks to 
the large feedback factor and the double-increased input voltage swing, the 1-bit FADAC can 
achieve lower power consumption and higher SNR than the 1.5-bit MDAC. Since the feedback factor 
of the 1-bit FADAC is twice as high, theoretically the FADAC just needs only 50% of opamp 
gain-bandwidth product (GBW) to achieve the same closed-loop bandwidth, which results in 
significant power saving. The performance comparison of 1.5-bit MDAC and 1-bit FADAC is listed 
and summarized in Table 1. 
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Figure 1. (a) Sampling phase; (b) Hold phase; (c) Transfer curve for 1-bit FADAC (left) and 1.5-bit 
MDAC (right). 

Table 1. Performance comparison for 1.5-bit MDAC and 1-bit FADAC. 

Parameters 1.5-Bit MDAC 1-Bit FADAC 
Resolved bit 1 1 

Ideal feedback factor β 0.5 1 
Opamp GBW requirement 1 × 0.5 × 

Gain accuracy ≈2 (Cs and Cf matching issue) Perfect unity gain 
Input full swing 2 VR 4 VR 

SNR / ~3dB improved 

2.2. Noise Performance Analysis and Compaison 

The 1-bit FADAC has the advantages of lower noise than 1.5-bit MDAC. Neglecting parasitic 
capacitance and assuming all the capacitances in Figure 1 are the same and labeled as C in the 
following analysis, during the sampling phase as shown in Figure 1a, the input-referred noise power 
of 1-bit FADAC and 1.5-bit MDAC is the same as ( ) ( )2 2nv kT C= . During the hold phase in Figure 
1b, the input-referred noise power can be expressed as: 

2 2
2

2
nin n n

n
sig

dv G BW
v

G
⋅ ⋅

= , (1)

where 2
nindv  is opamp’s input-referred noise power density, nG  is the noise gain which is equal to 

1 β , sigG  is the signal gain which is 1 and 2 in 1-bit FADAC and 1.5-bit MDAC respectively, and 
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nBW  is the noise bandwidth [22,23]. Assuming that the opamp is a single-stage amplifier and can be 
modeled as a single-pole system, and the noise is dominated by the input transistors, the 
input-referred noise power of both can be calculated from Equation (1), and given by: 
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where ,L FAC  and ,L MC are the load capacitance of FADAC and MDAC respectively during hold 

phase. It can be seen that the input-referred noise power of 1-bit FADAC, 2
,nin FAv , is almost twice as 

high as the noise power of 1.5-bit MDAC, 2
,nin Mv . However, the input signal power of FADAC is 4 

times higher; so the 1-bit FADAC can obtain a 3-dB SNR improvement. 
It should be noted that the overall ADC’s noise contribution not only depends on the input 

stage, but also the following front-end stages, especially when the input stage resolves low 
resolution most significant bits (MSBs). In order to compare the noise performance of both 
architectures in a fair way, assuming that there are two same-resolution ADCs with utilizing 1-bit 
FADAC and 1.5-bit MDAC as input stage respectively, the noise performance of each ADCs can be 
compared in a simply way. Because both FADAC and MDAC have decided 1-bit MSB, and the 
output residue signal has identical full range and the same remaining resolution bits to be further 
resolved, thus the design requirement of the following stages-2 to the end in respective ADC is 
exactly the same, and the noise of these stages referred to the input of stage-2, which is also the 
output of the input stage, is the same. The noise performance of each ADC is easy to be decided by 
comparing the total noise referred to the output of the input stage. The signal power at this node is 
the same, and the referred noise to this node can be divided into two parts. The first is the total input 
noise contributed by the following stage-2 to the end, which is the same in both ADCs. The second is 
the output referred noise of the input stage. Noise gain from the input of the FADAC to the output is 
one, while the gain is doubled in the 1.5-bit MDAC. It can be easily revealed from equation (2) that 
the output referred noise power of 1.5-bit MDAC is about twice as high [11]. Assuming the first part 
noise contribution has the same level with the output noise power of FADAC, an overall 2dB-SNR 
improvement can be obtained in the 1-bit FADAC. In other words, for the same SNR requirement 
for both ADCs, 1-bit FADAC can adopt sampling capacitors with much smaller size than 1.5-bit 
MDAC, which will make FADAC easier be driven by the input buffer and also lead to significant 
power saving for the input buffer. 

2.3. Digital Foreground Calibration 

As shown in Figure 1c, there are two line segments and one transition boundary in the transfer 
curve of the 1-bit FADAC. The feature of flip-around architecture makes the slopes of both segments 
equal to ideal one, and the transition position is determined by the decision point of the comparator 
in the first stage. Missing codes or missing decision levels would happen in practical ADC 
realization, due to the opamp and comparator offset, charge injection, mismatches between different 
capacitor paths, etc. These nonidealities vertically shift the transfer plot or change the transition 
point, which will result in missing codes and missing decision level, and cause analog-to-digital 
conversion failure. 

A practical issue in the 1-bit FADAC is how to resolve or tolerate these nonidealities. Previous 
works in 1-bit-per-stage ADC make the gain a little bit lower [19], and leave space to the reference 
boundary at the end point, so as to offer the headroom as the tolerance. However, this tolerance is 
limited due to the smaller decrement of the gain. Furthermore this will reduce the feedback factor 
and thus increase the power consumption. In this work, a large tolerance is achieved without 
decreasing the feedback factor. As shown in Figure 2, a modified transfer function is provided for 
the proposed 1-bit FADAC. The left line segment is for MSB = 0 and shifted vertically down from 
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VR to 0.8 VR at the transition point, leaving 0.2 VR headroom from the reference boundary. The 
right line segment is for MSB = 1 and shifted up in the same way. The key of this technique is to 
make residue output voltage with any offset error still remain within the input full range of the next 
stage, and thus avoid missing decision levels. A shade region is depicted in Figure 2, and reveals a 
±0.2 VR tolerance, which is large enough to cover all the aforementioned nonidealities. 

 

Figure 2. Transfer curve of the proposed 1-bit FADAC. 

As shown in Figure. 2, the carry transition from MSB = 0 to MSB = 1 in the digital domain 
corresponds to a translation on the y-axis of the right segment in the transfer curve. To preserve the 
transfer characteristics, the transition gap should be equal to the distance between S1 and S2, which 
are the end-points of the two segments and labeled in Figure. 2. Otherwise, the error of missing 
codes or nonmonotonic codes will be introduced. A simple digital calibration method is employed 
to compensate the carry transition error in the 1-bit FADAC. The transition gap of S2 minus S1, 
denoted as (S2-S1), is measured easily in a foreground manner [19–21,23]. The inputs are shorted 
together, and then MSB is forced to be zero first and next to be one, the ADC outputs of these two 
points can be stored and the code difference is equal to the transition gap (S2-S1). During the 
practical conversion, when MSB is zero, the ADC output is final output code. When MSB is one, the 
outputs of the later stages (stage 2 to the end) are added to (S2-S1) in calibration logic, and the 
corresponding results are the ADC digital outputs. In this way, missing codes or nonmonotonic 
codes, the mismatches between different signal paths, imprecision of reference voltages, even with 
finite opamp gain in the FADAC, all above nonidealities can be calibrated simultaneously in the 
digital domain. Please note that there is only one transition point required to be calibrated for the 
overall ADC conversion, thus the hardware cost and power consumption of the calibration are 
extremely low. 

3. Prototype ADC Design 

3.1. ADC Architecture 

The block diagram of the proposed ADC is shown in Figure 3. The proposed 1-bit FADAC is 
applied in the first front-end stage of the pipelined ADC. Five 2.5-bit stages and one 2-bit flash ADC 
are followed as in a conventional pipeline implementation. There are total 17 raw bits from the 
second stages to the last one. All these raw bits are feed into the digital error correction (DEC) logic. 
The digital compensation value of transition gap (S2-S1) is measured and stored either. The final 12 
bit ADC output digital codes are produced using simple calibration logic. In Figure 3, the 
capacitance values in each stage are labeled. Stage scaling is utilized to reduce power. 



Electronics 2020, 9, 199 6 of 12 

 

Dedicated SHA is eliminated in the ADC for considering power, area and noise 
performance[11,15,16]. Thanks to the benefits of the proposed FADAC, the relaxed thermal noise, 
including not only kT/C thermal noise but also amplifier noise, allows a much smaller sampling 
capacitor to be used in the front-end 1-bit FADAC. Smaller capacitor in the first stage can ease the 
settling requirement of input sampling network, also improving the bandwidth to track high 
frequency input signal. In addition, less parasitic capacitances are introduced, which means less 
loading capacitance and is helpful for the settling of residue amplifier. In this work, the capacitor of 
1.2 pF is selected to sample the analog inputs. As labeled in Figure 3, the sampling capacitor sizes 
are scaled down along the pipeline to save the power consumption and area occupation. 

 
Figure 3. ADC block diagram. 

Opamp-sharing technique is employed in this design to lower power dissipation significantly. 
As shown in Figure 3, only three opamps are used totally for overall 6 stages. The first opamp is 
shared by the front-end 1-bit FADAC and the second 2.5-bit MDAC. Due to the much smaller 
feedback factor of residue amplifier in the 2.5-bit MDAC, the GBW of the first opamp is dominated 
by the 2.5-bit MDAC. This enables the FADAC obtaining much time margin and being tolerant to 
the slewing during the opamp settling in the hold phase. The summing node reset problem in 
conventional opamp-sharing structure is mitigated by utilizing dual-input differential pairs in the 
amplifier [17], which is shown in Figure 4. 

3.2. OPAMP Design 

A single-stage telescopic opamp is adopted for the power efficiency. Gain-boosting technique 
is utilized to achieve large dc gain while maintaining a single-stage frequency response. Figure 4a 
shows the circuit schematic of the main opamp with dual inputs and the two auxiliary amplifiers as 
gain boosters as shown in Figure 4b. The inputs of IP1 and IN1 are served as the summing nodes of 
the first stage, while IP2 and IN2 for the second stage. When Φ1 is high and Φ2 is low, IP1 and IN1 
are active in the hold phase of the first stage. At the same time IP2 and IN2 are reset to the opamp 
input common mode voltage in the sampling phase of the second stage, and vice versa. Since both 
input pairs are reset alternately and periodically, the memory effect is fully eliminated in this work. 

An adaptive replica biasing scheme is exploited in the telescopic opamp. The replica bias and 
local negative feedback guarantee the large output swing for the residue amplifier. The 
drain-source voltage of n-type tail current source is adjusted to less than 100 mV, so as to leave 
more room for the output voltage swing. Considering small parasitics capacitance at the summing 
node, all the input transistors use almost minimum channel length. In simulation, an 87 dB of dc 
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gain at a 1.1 V supply was observed with a 1 Vpp output swing in the first opamp. The current 
consumption is dominant by the main opamp. The current, as well as the area, of the replica bias 
circuit is 15 times less than the main opamp excluding the two booster amplifiers. 

 
(a) 

 
(b) 

Figure 4. (a) Dual-input single-stage telescopic opamp with adaptive biasing; (b) Booster amplifiers. 

3.3. Comparator Design 

There is only one comparator in the first stage, which leads to an easier matching between the 
sampling paths of the FADAC and the comparator. Thus the proposed FADAC input stage can 
relax the timing skew problem in conventional SHA-less ADC architecture, which is helpful for 
high frequency input sampling. The circuit schematic of the comparator in the FADAC stage is 
shown in Figure 5a. A dynamic comparator without front preamplifier is directly used to 
regenerate the output MSB due to the large offset tolerance in the 1-bit FADAC stage. 
Bootstrapping switch and bottom plate sampling scheme are adopted to improve the signal path 
matching with that in FADAC. 

In the following 2.5-bit stages, the offset tolerance is limited, so a preamplifier with a voltage 
gain of 6.5× is added in front of the dynamic latch to reduce the offset of the comparator and lower 
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the kick back noise. In addition, the large number of comparators in five 2.5-bit stages consumes 
much power. Switched-preamplifier scheme is utilized in this design to reduce the current 
consumption. With proper clock phase, the preamplifier turn-on delay influence can be neglected. 
The circuit schematic and the clock phases of the comparator in the 2.5-bit stage are shown in 
Figure 5b. 

 
(a) 

 
(b) 

Figure 5. (a) Comparator in the first stage; (b) Comparator in the following stages. 

4. Experimental Results 

The prototype 12-bit pipelined ADC was fabricated in a 0.13-μm CMOS process. Figure 6 
shows the die micrograph of the ADC. The active area is 0.44 mm2. At a 1.1 V power supply, the 
full-scale input swing is up to 1.8 Vpp. In conventional pipeline ADC design, the typical full-scale 
input is about 1 Vpp with 1.2 V supply. Figure 7 shows the measured differential nonlinearity (DNL) 
and integral nonlinearity (INL), which are +0.72/−0.52 LSB and +0.84/−0.75 LSB, respectively. 

Figure 8 shows the measured ADC output spectrum plot. The input signal is a 3-MHz input 
with a −1 dBFS voltage swing. At 20 MS/s sampling rate, the measured signal-to-noise plus 
distortion ratio (SNDR) is 66.4 dB and spurious-free dynamic range (SFDR) is 76.7 dB. Figure 9 plots 
the measured SNDR and SFDR versus input frequency at 20 MS/s. When the input frequency is 
increased close to the Nyquist band edge, the ENOB of over 10 bit has already been achieved. Figure 
10 plots the SNDR and SFDR versus sampling frequency with a 3-MHz input. Note that all the above 
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experiment results were obtained with using the identical frozen digital value of transition gap 
(S2-S1), which is extracted by the digital compensation logic. 

 

Figure 6. ADC die micrograph. 

 

Figure 7. Measured DNL and INL. 

The total power consumption is 5.2 mW, including 4.2 mW for clock, bias, FADAC and 
MDACs, 0.8 mW for all comparators, and estimated 0.2 mW for DEC and calibration logic. The 
prototype ADC hasled to a FOM (Power/(fs × 2ENOB)) of 153 fJ/conversion-step at low frequency and 
254 fJ/conversion-step at Nyquist frequency. The performance summary and comparison with some 
other ADC works with a similar resolution, sampling rate, and measured SNDR level are provided 
in Table 2 [24–26]. 
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Figure 8. Measured output spectrum at 20MS/s with a 3-MHz input. 

 
Figure 9. Measured SNDR and SFDR vs. input frequency. 

 

Figure 10. Measured SNDR and SFDR vs. sampling frequency. 
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Table 2. Performance summary and comparison. 

Parameters [6] [7] [8] [14] [18] [24] [25] [26] 
This 

Work 
Architecture Pipe. Pipe. Pipe. Pipe. Pipe. Pipe. Pipe. Pipe. Pipe. 

Resolution (bit) 12 11 12 14 12 11 11 14 12 
Sample rate (MS/s) 44 20 20 150 150 45 80 50 20 

Max. DNL (LSB) 0.9 0.27 / 0.8 0.3 0.45 1.3 / 0.72 
Max. INL (LSB) 1.26 0.2 / 2.6 1.0 1.1 3.11 / 0.84 
Peak SNDR (dB) 65.1 72.5 68.3 71.3 67 60.1 53.2 71.4 66.4 
Peak SFDR (dB) 79 84.4 76.3 93.6 81 70 66.7 90.5 76.7 

Power (mW) 22.9 56.3 17.2 85 48 81 38 109.5 5.2 
FoM1 1 @ low fin / 780 405 138 194 2179 1206 991 153 
FoM2 @ high fin 350 / 528 188 / / / / 254 

CMOS technology 90 nm 0.35 μm 0.18 μm 0.13 μm 65 nm 0.18 μm 0.18 μm 0.13 μm 0.13 μm 
Supply voltage (V) 1.2 3.3 1.4 1.3 1.2 1.8 1.8 1.2 1.1 
Active area (mm2) 1 20.64 1.11 1 0.78 3.57 2.16 3.43 0.44 

1 FoM(fJ/conversion-step). 

5. Conclusions 

In this paper, a 12-bit 20 MS/s pipelined ADC employing the front-end novel 1-bit FADAC is 
reported. The proposed FADAC has an inherent linear unity-gain, also features a high input 
voltage swing and large feedback factor. The FADAC is incorporated into a SHA-less and 
opamp-sharing pipelined ADC, achieving low voltage, low power and high SNDR in a 0.13μm 
CMOS. The effort on circuit design, including dual-input telescopic opamp for opamp-sharing 
technique, adaptive replica bias scheme and switched-preamplifier in comparator, enables a power 
efficient ADC realization. The techniques proposed in this work have good potential for the low 
power high resolution ADCs in scale CMOS technologies with low supply voltages. 
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