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Abstract 

 

A 10-bit, 10Msps Pipelined ADC with First Stage Conventional SAR 

ADC and Second Stage Multi-Bit per Cycle SAR ADC 

 

Paridhi Gulati, M.S.E 

The University of Texas at Austin, 2016 

 

Supervisor:  Nan Sun 

 

A pipelined ADC is generally used for high speeds and high resolutions in 

applications where latency is not a major concern. This project involves the design of a 10 

bit pipelined ADC with a conventional SAR ADC as stage one. The first stage also has an 

integrated comparator and amplifier. A dynamic automatic gain control scheme is used for 

the amplification of the first stage residue voltage. Techniques such as redundancy help in 

achieving higher speed while bidirectional single side switching helps in reducing power 

consumption. The second stage is a 3 bit per cycle SAR ADC that makes use of a scaled 

down version of the voltage supply. The ADC designed in this project makes use of 0.13um 

CMOS technology and is able to achieve a sampling rate of 10MS/s and ENOB of 9.95. 
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Chapter 1:  Introduction: Analog to Digital Converters 

INTRODUCTION 

 

Analog to digital converter is a device which converts an input analog 

voltage into quantized digital levels. In today’s world all devices make use of digital 

processing as it is faster and much easier. Digital signals are also well-defined and 

orderly and easier for electronic circuits to distinguish from noise. Thus ADCs act 

as interface devices between real world signals and a DSP processor which handles 

most computations. All fields ranging from communications, medical, aerospace, 

instrumentation and measurement make use of ADCs. An ADC can take any form 

of analog signal as input ranging from current, voltage or charge. The design of high 

speed and high resolution data converters poses a big challenge to the IC industry. 

 

The most common types of ADC topologies are Flash, SAR and Pipeline. 

Figure 1 below describes the power consumption versus the speed that the 

implementations can meet according to a survey[1]. A 10 bit pipelined ADC is 

implemented in this design which runs at 10MS/s. The motivation to use Pipelined 

ADCs was to get high resolution data converter with high sampling rate, low area 

and low power consumption. The main advantage of using a pipelined ADC is a 

predefined latency and high throughput. In applications such as data transmission 

where latency is not an issue, pipelined structures are a popular choice. 
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Figure 1: Figure of merit vs sampling rate survey for various ADC architectures 

conducted by Boris Murmann’s group. [1] 

 

ADC Background 

This section provides a background of the key terms used for ADC design and some 

background about data converter metrics. These will further be used throughout this report. 

ADC Basic Terminology and Quantization  

 

The ADC in this project is a bipolar quantizer. The term bipolar indicates that the 

signal swings above and below a certain fixed reference voltage (ground in this case). The 

full scale of the ADC is referred to as VFS. The full scale range is defined as the maximum 

input that keeps the quantization error within its bounds. Overloading or saturation of an 

ADC occurs if an input is applied outside the full scale range. The reference voltage used 

for the ADC in this project is give as  
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Vref = 
𝑉𝐹𝑆

2
     (1.1) 

 

The LSB size or the code width is the least weighted bit in the group. For a typical 

ADC with B as the resolution, the LSB or Δ is defined as: 

Δ = 
𝑉𝐹𝑆

2𝐵      (1.2) 

 

The transition level is defined as the input value between two codes. The transition level is 

the input voltage at which the digital output changes its code. If we assume the quantized 

voltage to be at the center of each code, the quantization error єq is defined as  

єq=Vq-Vin     (1.3) 

where Vq is the quantized voltage and Vin is the sampled analog voltage. 

|єq| ≤ 
𝛥

2
      (1.4) 

 

Figure 2: Quantized voltage represented as red dotted line and bounds of quantization 

error (bottom). [2] 
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The ADC performs quantization of an analog value into discrete values. 

Quantization error is thus known as the deviation from the actual analog voltage. 

Quantization error is seen as white noise at the output which sets the limitation on the noise 

floor.  If this white noise is modelled statistically,  

Quantization noise power = 
𝛥2

12
                                    (1.5) 

The ratio of signal power to this quantization noise is called SQNR and is given as  

SQNR= 
𝑃𝑠𝑖𝑔

𝑃𝑞𝑛𝑜𝑖𝑠𝑒
 = 

1

2
(

𝛥.2𝑏

2
)

2

𝛥2

12

 = 1.5 x 22𝑏 = (6.02b+1.76) dB            (1.6) 

Where Psig is the power of the signal and Pqnoise is the quantization noise power as defined 

in equation 1.5. 

Noise in ADC 

 

The main contributors to noise in ADC are quantization noise and thermal noise. 

Even though we are limited by the quantization noise, care should be taken to ensure that 

thermal noise is almost equal or slightly less than the quantization noise. The thermal noise 

transferred on to the input sampling capacitors is given as: 
𝐾𝑇

𝐶
 where k is Boltzmann 

constant, T is the temperature in Kelvin and C stands for capacitor value in Farads. Since 

the fundamental constraint is quantization noise, the thermal noise need not be a lot lesser 

as large capacitors increase power consumption. Thus sizing the capacitors appropriately 

is important for the design of an ADC as increasing capacitance reduces thermal noise at 

the cost of lower speed and increase in area. 

Static Performance Metrics 

 

 Offset of an ADC is defined as the deviation of the start point of the ADC transfer 

curve from its ideal location. This static error does not affect the linearity of the 
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ADC as it is signal independent. Today a lot of digital calibration techniques are 

implemented which can easily get rid of offset errors in ADC. 

 

 Gain error of an ADC is basically a change in the code width of each transition by 

the same amount. It can also be seen as the deviation of slope from the ideal transfer 

curve.  

 

Figure 3: Offset and Gain error in ADC. [2] 

 

 Differential Non-Linearity or DNL is defined as the difference between the actual 

code width and the ideal code width. For a good ADC design, the DNL is generally 

kept within 1 LSB. 

 

 Integral Non-linearity or INL as the name suggests is an accumulation of all DNL 

errors. It is the deviation of the value at any point on the transfer curve from an 

ideal endpoint transfer curve.  
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Dynamic Performance Metrics 

 

 Signal to Noise ratio (SNR) is defined as the total signal power divided by the total 

noise power. The noise power is a sum of all contributing factors including 

quantization noise. For computing the SNR, all bins of the Fast Fourier Transform 

(FFT) are included for computation of SNR except dc, input and 2nd through 7th 

harmonic [2].  

 

 SNDR or signal to noise and distortion ratio is given as: 

      SNDR= 
𝑃𝑠𝑖𝑔

𝑃𝑠𝑖𝑔+𝑃𝑑𝑖𝑠𝑡+𝑃𝑛𝑜𝑖𝑠𝑒
                                           (1.7) 

Psig is the power contained in the signal which is proportional to the square of signal 

amplitude, Pdist is the distortion power and Pnoise includes the total noise i.e. thermal 

noise plus quantization noise. While computing the SNDR, all bins from FFT are 

included except for dc and input [2]. 

 

 ENOB or effective number of bits gives the total resolution of the converter. 

ENOB= 
𝑆𝑁𝐷𝑅−1.76

6.02
 dB            (1.8) 

 

 Spurious Free Dynamic Range (SFDR) is the ratio of the fundamental frequency 

power to the power of the largest non-fundamental power in our band of interest. 

The largest tone that is observed may not necessarily be an input harmonic. 

 

 FOM or figure of merit is a dynamic specification that combines the sampling rate, 

power and ENOB into one metric.  

FOM= 
𝑃

𝐹𝑠.2𝐸𝑁𝑂𝐵 (
𝐽

𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛−𝑠𝑡𝑒𝑝
)    (1.9) 

Where P is the total power consumption in watts, Fs is the sampling rate and ENOB 

is the effective number of bits. 
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PIPELINED ADC 

Introduction 

 

In today’s world, pipelined ADCs have become a popular choice for high speed 

data conversion and sampling rates in the range of 5MS/s-100MS/s [3]. Pipelined ADCs 

have largely replaced Flash ADCs in applications like video as it not only reduces the 

number of comparators taken up by flash architecture but also relaxes the precision 

requirements on them. A conventional 6 bit flash ADC would require ~64 comparators. If 

this design is split as a two staged pipelined architecture consisting of 3 bits, each stage 

would require only 7 comparators. Thus the total number of comparators used in the design 

would be only 14, which is more than 3 times lesser than the conventional flash design. 

Besides high speed, pipelined ADCs are generally used for high resolution of up to 8-12 

bits. However at lower sampling rates, the resolution can be pushed to as high as 16 bits 

[4]. 

 

Pipelining Concepts 

Architecture 

 

 

Figure 4: General architecture of a Pipelined ADC. 

STAGE 2 DOUT 
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The general idea of pipelining is a two-step conversion where the first stage 

performs the quantization of the input. The residue voltage is computed by using a standard 

DAC and subtractor. In modern day designs the DAC and subtractor are combined into a 

single stage referred to as Multiplying DAC (MDAC). This voltage is passed on to a sample 

and hold circuit and the second stage. The second stage acts as a fine ADC which performs 

quantization on the residue voltage. Thus different stages process different sample and hold 

circuits concurrently.  Since the input sample must pass through both the stages, the delay 

comprises of the time taken by the ADC, DAC and the subtractor. Adding a sample and 

hold circuit to the second stage enables the first stage to convert the analog input while the 

second stage can concurrently sample it. Thus it converts delay into latency. 

 

Figure 5: Pipelined ADC structure consisting of more than 2 stages. [2] 

 

The concept of pipelining can be extended to more than two stages as shown in 

Figure 5. The issue in the above described architecture is that the order of residue voltage 

is small which in turn increases the precision requirements on the second stage comparator. 

To avoid this, usually a gain is introduced after the first stage subtraction. While calculating 

the final result, this gain is rectified digitally.  



 9 

Stage Scaling: 

 

In pipelined ADC, the thermal noise is proportional to 
𝐾𝑇

𝐶
 and Power is proportional 

to C as larger capacitance implies larger switches and larger DAC power. Considering 

multiple stages in pipelined ADC  

Ntot α kT [
1

𝐶1
 + 

1

4𝐶2
 + 

1

16𝐶3
 + …]               (1.10) 

Ptot α [ C1 + C2 + C3+ …]        (1.11) 

 

Ideally, we want all stages to contribute equal power and noise. However the input 

referred noise of the latter stages is minimal due to inter-stage gain. As a result, the aim 

should be to minimize the product Ntot x Ptot. A minimum product is achieved when the 

scaling factor for the capacitors is the same as the inter-stage gain. 

Number of Bits/Stage 

 

Number of bits per stage for a pipelined ADC have to be chosen carefully 

depending on the design requirements. Smaller number of bits per stage will have a small 

closed loop gain hence higher speeds due to large feedback factor but it will also require 

more number of stages [2]. Larger number of bits per stage is not suitable for high speed 

applications as the feedback factor is reduced but the number of stages is also reduced. 

Redundancy in Pipelined ADC 

 

Gain and offset errors often shift the residue voltage out of the convergence limits 

of the ADC. Hence redundancy is a technique which helps mitigate this issue. If the number 

of bits in first stage is B, the second stage ADC will be overloaded if the inter stage gain is 

greater than2𝐵. If this factor is kept less than 2𝐵 it introduces redundancy and helps tolerate 

errors as shown below in Figure 6. Reducing the gain by half for a 2 bit ADC gives an 

offset error tolerance of 300mV. Usually the gain is kept a power of 2 as it is easier to 
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implement using digital hardware and there is no need to implement fractional weights 

while computing the final digital output. 

 

 

Figure 6: Redundancy error tolerance in a 2 bit ADC if gain is reduced to half 
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Chapter 2:  Architecture of two staged ADC 

CLOCKING 

Synchronous vs Asynchronous Clocking 

 

In a synchronous SAR ADC, each input conversion cycle consists of multiple 

internal steps. Each of these internal steps is divided into a DAC settling phase and a 

comparator resolution phase. In the traditional capacitive DAC based synchronous SAR 

ADC, the DAC settling and the comparator resolution are each assigned one half cycle of 

the internal SAR clock. In such designs, the comparator is usually fired at a positive clock 

edge. The comparator resolves during the ‘high’ phase of the internal clock. At the 

successive negative clock edge, this data is latched onto a negative edge triggered shift 

register whose outputs control the DAC capacitors. The capacitive DAC then uses the ‘low’ 

phase of the internal clock to settle. In the next positive clock edge, the comparator fires 

again and the same process is continued. In such a design, the ‘high’ phase of the internal 

clock has to be at least as long as the worst case comparator resolution time, and the ‘low’ 

phase of the clock has to be at least as long as the worst case DAC settling time. However, 

typically, for the first few MSB cycles, the DAC settling is very slow while the comparator 

is faster. For the last few LSB cycles, the comparator is slower while the DAC settling is 

much faster. Since the worst case DAC settling and the worst case comparator delay never 

occur simultaneously, therefore the traditional synchronous design described above is 

inherently slow. Moreover, the negative-edge triggered shift registers have their own setup 

time and clock-to-out delay, thereby adding more timing overhead.  

Asynchronous clocking scheme is implemented to eliminate this limitation. As 

soon as the comparator of the first stage makes a decision, digital gates are used to generate 

a ready signal which triggers the next cycle. This way even the data is latched using the 

valid signal and a fair amount of time can be given for DAC settling even if we reduce each 

cycle time. One of the major advantages of asynchronous clocking is that it does not need 

an input clock that is greater than the conversion rate and just requires a signal in the start 
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to generate the first comparison clock cycle. Asynchronous clocking not only increases the 

maximum sampling frequency but also reduces power consumption. 

 

 

 

Figure 7: Architecture of asynchronous clock implementation. [2] 

 

FIRST STAGE 

Introduction to SAR ADC 

 

The first stage used in the pipelined ADC is a SAR ADC. They are mostly used in 

applications for moderate speeds and low power. A SAR ADC uses a binary search 

algorithm through all possible quantization levels before finally converging upon a digital 

output for each conversion. SAR ADC architecture is one of the simplest and usually uses 

a cap array and charge redistribution technique to generate the reference voltages against 

which the input sample is compared.  
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Figure 8: Binary steps observed in stage 1 capacitor DAC array. 

 

The analog input is sampled on to a track and hold circuit. The dac reference voltage 

with which the input is compared in each cycle is generated by sampling differential 

reference voltages on the capacitive array. These references are binary in nature starting 

from 
𝑉𝑅𝐸𝐹

2
. Based on the comparator decision (logic 1 or 0) the voltage on the DAC is either 

set to high or low for the next DAC reference voltage to be generated. This continues for 

‘B’ bits and all the comparator decisions are stored in latches after each internal cycle. 

 

 The main advantage of using a SAR ADC in a pipelined ADC structure is that it 

inherently has the subtractor and the DAC which helps in generating Vresidue. Also since the 

same capacitor array generates the final residue, there is no mismatch between the ADC 

and the DAC of stage one of the pipelined ADC. 
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Figure 9: Sample capacitor DAC array used in SAR ADC.  

 

Consider Figure 9. The charge on the cap array is conserved as there is no current flowing 

into the positive and negative terminals of the comparator.  

Q = -Vin.Ctotal=(Vx-Vref).16C + Vx(16C)   (2.1) 

Vx=(0.5Vref -Vin)      (2.2) 

Thus Vx is the difference of the quantized voltage and the input voltage sampled which can 

be directly fed as the residue voltage to the residue amplifier. 

 

 

Bidirectional Single Sided Switching Scheme 

 

In high resolution SAR ADCs, the DAC array can contribute to a large amount of 

ADC power since the total capacitance scales exponentially with resolution. Techniques 

like monotonic switching and common mode (Vcm) based switching have been 

implemented to reduce dynamic power [5]. The main disadvantage of Vcm based technique 

is that it requires the use of large switches to pass Vcm which lead to increased area and 

power of DAC drivers. The SAR ADC implemented in this project uses bidirectional 

single-side switching technique. Figure 10 shows the Bidirectional Single Side Switching 

Scheme. This technique, unlike the conventional scheme, reduces the switching activity 

because it has only one switching event at only one side of the DAC array for every 
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comparator comparison. In Bidirectional Single Side Switching, the MSB capacitor first 

changes from ground to Vref and then all other capacitors switch from Vref to ground if 

required. Thus the common mode variation is reduced by half and unlike the monotonic 

switching scheme, the common mode input to the comparators converges to Vcm instead of 

ground. Another major advantage of Bidirectional Single-Side Switching is that the use of 

Vcm helps in providing an additional 1 bit, thus reducing the number of capacitors by 4 

times compared to the conventional technique [6]. This leads to reduction in both area and 

power. Also this technique makes use of bottom plate sampling which ensures higher 

linearity. 

 

Figure 10: Implementation of Bidirectional Single Side Switching Scheme. [6] 

 

Unit Capacitor  

 

In order to determine the size of the unit capacitor of the capacitive DAC array, we 

need to ensure that C is sufficiently large such that 
𝑘𝑇

𝐶
 noise should not be greater than the 

quantization noise. 
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C > 
24.𝑘𝑇.22𝐵

𝑉𝑟𝑒𝑓2     (2.3) 

 

The capacitor DAC makes use of the smallest size capacitor of 2fF as unit capacitor. 

Small capacitors also ensure faster DAC settling hence improving the speed of the ADC.  

The 
𝑘𝑇

𝐶
 noise comes out to be 9.01x10-5 V rms.  

       Quantization noise power of 10 bit ADC= √
𝛥

2

12    (2.4) 

        Δ = 
2.4

210 = 2.34mV 

Quantization noise= 6.76x10-4 Vrms 

Thus we can see that quantization noise is greater than the thermal noise of the sampling 

dac array. 

INTER-STAGE GAIN 

 

Introduction 

 

As stated in the Pipelining Concepts section above, pipelined ADCs generally make 

use of an inter-stage gain block as it reduces the requirements on the comparator of the 

next stage. For example a 10 bit converter partitioned as a 7 bit first stage and a 3 bit second 

stage must have a 10 bit precision for the fine comparators being used.  For this design 

which is 10 bits with an 8 bit DAC in the first stage, an inter-stage gain of 32 was chosen. 

Figure 11 shows the introduction of inter-stage gain at each stage. While calculating the 

final digital output we correctly apply the weights and Gd1, Gd2…Gd(n-1) are generated using 

digital components. An interesting thing to note is if the gain in the forward and reverse 

path perfectly cancel each other then the quantization error comes only from the last stage 

of the pipelined ADC. 
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Figure 11: Inter-stage gain in Pipelined ADCs. [2] 

 

Voltage was scaled as 
𝑉𝐷𝐷

4
 in going from first to the second stage which in effect gave us 

an inter-stage gain of 128. The gain of 128 is equivalent to 2B-1 where B equals 8 for the 

first stage and helps in providing redundancy which can take offset and gain errors into 

account. The inter-stage gain block is implemented using a strong arm latch configuration 

and is discussed in detail later. 

 

 

Residue Amplifier 

 

Residue amplifier is implemented using a strong arm latch that has current mirror 

added for linearity. The main advantage of a strong arm latch is there is no static power 

dissipation and it can resolve within a short period of 500ps as it makes use of positive 

feedback. 

Advantages 

 

The benefits of using a strong arm latch as the residue amplifier include: 
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1. There is no static power dissipation in a strong arm latch topology 

2. Strong arm latch is the fastest topology as gain is based on a combination of 

integration and positive feedback. 

3. The comparator and the amplifier following have the same offset thereby 

eliminating the need for any digital calibration as shown in Figure 12 The offset 

can be observed for the histogram for residue voltage. However if the output of 

residue amplifier is plotted as a histogram all samples to stage 2 fall back centered 

at 0. 

 

 

Figure 12: Histogram showing number of samples vs offset voltage for comparator 

(right) and residue amplifier (left). 

 

Dynamic Timer 

 

The Dynamic timer used in this design is a block which is used to control the 

sampling period of stage 2 such that the clock goes low when the gain of the residue voltage 

equals 32. Thus it also helps us in providing an automatic gain control block. The dynamic 
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timer consists of simple PMOS transistors which pull up an intermediate node to VDD and 

generates an output VOUT_OR signal using an inverter. This is used for pulling the stage 

2 sampling clock low as soon as the gain reaches the desired value. These PMOS transistors 

are carefully sized such that their threshold voltage allows VOUT_OR signal to be 

generated when the differential voltage from the first stage has been amplified to a gain of 

32. 

 

In [7], the amplifier is only an integrator, so common-mode detection can be used 

to turn off the amplifier (gain is proportional to common-mode voltage change). In this 

design however, the final common-mode ends up being very close to where it is when the 

regeneration transistors turn on, so if we relied on a purely common-mode approach we 

would only get integration out of our amplifier. Using a dynamic-OR allows us to extend 

the gain to include regeneration, but it also has a drawback. Now the gain is proportional 

to both the common-mode and single-ended voltages, so the gain control isn't as ideal as it 

is for a common-mode detector. In our case, this control is still good enough to get the 

required 3 bit linearity. 

 

 

SECOND STAGE 

 

Introduction to FLASH ADC 

 

Since the second stage resolution was chosen to be 3 bits, an obvious choice would 

be Flash ADC. Flash ADC is a popular choice for bit resolution < 6 as they can provide 

very high speeds with medium complexity. As the number of bits increase the number of 

comparators increase by ~2B/ bit and hence area and power become a constraint.  
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A Flash ADC makes use of parallel high speed comparators. For B bit resolution, 

2B-1 comparators are required. Generally a resistive or a capacitive ladder is required for 

generating the reference voltages fed to these comparators. The comparator outputs a logic 

1 if the input sampled is higher than the reference voltage and a logic 0 otherwise. A simple 

decoding logic can be placed at the output of these comparators to generate the final 

expected digital output.  

 

Figure 13: Flash ADC architecture using 2B-1 comparators. [8] 

Interpolation 

Concept 

 

Interpolation is one of the many popular techniques used to reduce complexity and 

power dissipation of a flash ADC structure.   
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Figure 14: Interpolation technique for a 2 bit ADC. 

 

Consider a 2 bit flash ADC as shown in Figure 14 which makes use of an 

interpolating comparator to compare against Vref = 0. Let Vref1=-0.5Vref and Vref2=0.5Vref.  

If -Vref<Vin<-0.5Vref all the comparator outputs would be 0. If –0.5Vref<Vin<0, the 

comp_low would be slower and hence the output of the interpolating comparator would be 

0. In this case only the output of comp_low would be logic 1. Similarly if 0<Vin<0.5Vref, 

comp_low would be high and the output of interpolating comparator would also be high as  

comp_high would be slower than comp_low in making a final decision.  

Advantages 

 

Advantages of using interpolation: 

1. Interpolation reduces the number of references that need to be generated and also 

the number of comparators. 

2. Interpolation reduces the total input capacitive load. 

3. It is more area and power efficient than a normal Flash ADC 

4. In case of a pre-amp offset, interpolation reduces the sensitivity thus improving 

DNL. 
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Issues with FLASH ADC in this design 

 

Once the flash ADC was implemented, there were many issues faced which resulted in 

finally switching to another architecture for stage 2 discussed in detail below: 

1. The voltage after the residue amplifier is differential in nature whereas the Flash 

comparators require a single ended input voltage at the positive terminal and the 

reference voltage at the negative terminal. This was implemented as shown in 

Figure 15. If we closely look at the topology, it is just addition of currents flowing 

upwards. The equations for the comparator output are: 

INP+REFN>INM+REFP    (2.5) 

Therefore, INP-INM>REFP-REFN   (2.6) 

In this topology the VCM of the reference voltage and the input voltage must be very 

closely matched so that the gm of all devices are matched for cases where the input 

voltage is close to reference voltage. Also since the biasing of each comparator 

would be different due to different reference voltage to each, it makes the gm 

matching even tougher and implied that common mode matching is really important 

for this implementation.  

The common mode voltage of the input to the second stage is controlled by the 

threshold voltage of PMOS regeneration transistors in the residue amplifier, hence 

there is huge variation across process and corner. The input common mode varies 

from about 770mV-830mV which implied that the common mode rejection (CMR) 

of second stage comparators should be greater than at least 60mV. In order to rectify 

this a current mirror was added which helped in CMR up to ~30mV. The offset 

caused by this mismatch between common modes of input and reference only 

becomes worse across Monte Carlo simulations.  
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Figure 15: Design of the comparator to be used in FLASH ADC. 

 

2. The reference ladder is implemented using diode connected PMOS transistors. It 

would be used to generate the following voltages : Vcm ± Vref, Vcm ± 3Vref/4, Vcm ± 

Vref/4 while Vcm ±Vref/2 would be generated by interpolation. Vcm+Vref ~1.1V and 

the PMOS transistor would be in subthreshold region due to very low gate to source 

voltage (VGS). In order to generate a resistance magnitude such that the kickback 

noise does not affect the design, higher order of currents should be driven through 

the ladder which is not possible if the transistor operates in sub-threshold region. 

The resistance of a diode connected device is almost equivalent to 
1

𝑔𝑚
. 
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Looking at the issues described above, it was decided to get rid of the Flash 

topology and instead implement a 3bit/cycle ADC using capacitive DAC array very 

similar to a conventional SAR ADC. The use of a differential capacitor DAC array to 

sample the input and references eliminated any dependence on common mode voltage 

and also the need for an entire resistor array.  
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Chapter 3:  Circuit Design Details 

CLOCKING 

Stage one sampling clock 

 

The clock going to the first stage consists of an early version of the sampling clock 

and an actual sampling clock. Since the first stage makes use of bottom plate sampling the 

early clock is used to control the switches setting the capacitor nodes to VCM while the 

input is being sampled. These switches are opened 200ps before the input sampling switch 

is opened. This technique helps in preventing channel charge injection thereby ensuring 

higher linearity. The delayed clock is generated using a series of cascaded inverters of 

increasing binary drive strengths as shown in Figure 16. Increase in inverter size makes 

sure that there is large input capacitance thus making the previous stage driver slower than 

usual.  

 

 

Figure 16: Series of Inverters used to generate the delayed version of the sampling 

clock. 
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Figure 17: A delay of 197ps between the early and delayed sampling clock for stage 1. 

Asynchronous clocking block 

Ready Signal Generator 

 

 

Figure 18: NAND gate used to generate the ready signal for asynchronous clock. 

 

The valid or the ready signal can be generated using simple NAND gates. If either 

of the comparator outputs go low the output would be 1. COMPP and COMPM are 
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buffered versions of the positive and negative comparator outputs respectively. Though 

comparator outputs are of complementary nature, in case of metastability it should be 

ensured that the buffers placed at the output of the comparators should trigger. This ensures 

that a valid signal is generated even with a 0 input and the clock will be generated correctly. 

To do this the inverters in the residue amp driving nets COMPP and COMPM must be 

skewed accordingly. The beta ratio is kept as 3:1 for the inverters and the clock signal was 

tested with a 0 input using transient simulation. 

 

 

Figure 19: Digital logic showing asynchronous clock generation. 

 

The valid signal is then passed through digital logic gates and a controlled delay 

cell which in turn generated the clock to the comparator. VDL is the control voltage that 

can be used to adjust the period of the asynchronous clock. The user can set the value 

accordingly across different process and corners. In the ss corner a higher time for DAC 

settling is required, hence a higher voltage of 500mV is used to control the delay line.  
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Process Corner VDL (mV) 

TT 440 

FS 440 

SF 500 

FF 440 

SS 500 

 

Table 1: Process corner vs delay line voltage to control the asynchronous clock 

period. 

 

 

Figure 20: The last graph depicts the asynchronous clock with 10 cycles. 
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Reset is the signal which acts as a start and helps in generating the first clock to the 

comparator. 

 

Asynchronous Shift Register 

 

As soon as the first clock for the amplifier goes high, a decision is made and 

COMP_VALID or the ready signal is generated. This signal is fed to a series of cascaded 

10 flip flops where the output of one acts as the input to the next DFF. An additional DFF 

(9+1) is required in order to latch the sign of the residue being passed to the next stage 

which also acts as the MSB bit for stage 2. The shift register generates clocks to latch the 

comparator signals as shown in Figure 21. 

 

 

Figure 21: 10 clock cycles to latch the output every time the comparator makes a 

decision. 
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As soon as reset goes low and valid signal is generated, the first flip flop output 

goes high which provides the clock for the next DFF. All the flip flops are reset when reset 

signal goes high again. 

 

Stage 2 sampling clock 

 

 

Figure 22: Digital logic used for generating stage 2 sampling clock. 

 

VOUT_OR is generated from the dynamic timer which indicates that the residue 

has been amplified by a factor of 32. STOP signal is generated in the asynchronous logic 

block when the second last cycle of stage 1 is completed and it triggers stage 2 sampling 

clock. The clock goes low when VOUT_OR goes low. CLKS_S2 or the second stage 

sampling clock drives PMOS switches (VCM of stage 2 input is set by PMOS transistors 

of residue amplifier) and hence is low active. An early clock is used to control the sampling 

switches of stage 2 while the delayed clock controls the switches after the residue amplifier.  
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Figure 23: CLKS_S2 goes low when STOP_COMP is high and goes high when 

VOUT_OR goes low. 

FIRST STAGE 

Capacitor DAC Array 

 

The first stage of the pipelined ADC is an 8 bit SAR ADC expected to have an 

effective number of bit resolution of at least 7. Due to the Bidirectional Switching Scheme, 

the maximum cap size is reduced by 4 times. Hence instead of being 128C, it is reduced to 

32C. An additional cap 64C is added to make sure that the residue voltage lies within the 

limits of ±
𝛥

2
. 
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Figure 24: Capacitor array for stage one input sampling. 

This design makes the use of a redundant capacitor 8C which is placed at the 5th 

position in the DAC array. Figure 24 indicates the same. The switch arrangements are the 

same for all capacitors and hence indicated only for a few in the figure. Redundancy helps 

in reducing the cycle time for one conversion as now the DAC does not have to settle within 

an LSB of accuracy for the first 5 comparison steps. It also helps in accounting for capacitor 

mismatch errors. Introducing redundancy helps in tolerating settling errors up to 

(8/264)*(Full Scale Range) = 73 mV (8 LSBs) for the first 5 comparison steps. 



 33 

 

Figure 25: Incomplete DAC settling which is taken care of by introducing redundancy. 

 

Sampling switches 

9 sampling switches control the values going to cap DAC array depending on the phase of 

the clock. 
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Figure 26: Sampling switch used to pass the input as well as Vref to the capacitor DAC. 

 

Dac_in is the comparator decision made in the previous cycle which helps 

determine whether to put a logic 1 or 0 back to the capacitor array in order to generate the 

correct reference voltage. The clock phi1 high implies it is the sampling phase when the 

input i.e. vin is sent on the top plate of the capacitive array. The switch passing vin is kept 

as a CMOS switch large in size to ensure high linearity. Vrefn is passed using an NMOS 

transistor while Vrefp (high potential) is passed using PMOS transistor. Each of the 

switches is sized in a binary weighted fashion. The largest switch connects to the highest 

capacitor in order to ensure minimum resistance. As the capacitance decreases, we do not 

require very large sized switches and thus helps us save on power. 
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RESIDUE AMPLIFIER 

Design structure 

 

Figure 27 shows a strong arm latch comparator. PMOS reset transistors are used to 

pre-charge the comparator output nodes and the drain of the integration transistors. The 

size of the reset transistors is kept small (320nm/120nm) since these transistors do not 

affect the speed at which comparator resolves. The tail current source of the comparator 

determines the speed at which the output nodes are discharged during the integration phase. 

The integration gain is proportional to the gm/Id of the differential input transistors. 

Moreover, a larger width of the input transistors lowers the input referred noise and offset. 

However, since the input capacitance (Cgg) of a comparator is not very linear and the input 

capacitance of the comparator loads the capacitor DAC, therefore the input transistors of 

each comparator cannot be made too large. The regeneration phase is primarily dominated 

by the cross-coupled PMOS pair. The regeneration time constant can be approximated (to 

the first order) as (CL /gmp) where CL is the load capacitance at the output of the cross-

coupled PMOS pair and gmp is the transconductance of the PMOS transistors. Therefore 

to increase the speed of regeneration, a larger value of transconductance for the PMOS 

devices is required. Keeping these dependencies in mind the input pair is sized as 

1.98u/120nm whereas the cross coupled PMOS pair is sized as 1.92u/120nm.  
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Figure 27: Strong Arm Latch. 

 

Issues faced 

 

The Strong arm latch implemented in this design had linearity issues due to 

variation in common mode which would result in variation in gm/Id. To mitigate this effect 

a tail current transistor is added which helps improve the common mode rejection. A 

decoupling capacitance as shown in Figure 28 is needed at the input of the current source 

because as the comparator turns on the drain voltage sees a huge jump which couples to 

the gate of the current source and causes tail current variation during the integration phase.  

Another common issue faced in comparators is the offset that is created due to 

capacitance load mismatch. According to [9] 
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Figure 28: Capacitor load mismatch in positive feedback latch. [9] 

It can be shown that the offset voltage 

Vos ~ 0.5(V(t=0) – Vs) 
∆𝐶

𝐶
    (3.1) 

Where Vs is the inverter switching voltage. Thus the matching of output load in the 

amplifier and comparator mode is critical to prevent offset errors. 
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DYNAMIC TIMER 

Implementation 

 

 

 

Figure 29: Schematic design of dynamic timer. 

 

The dynamic timer is used to enable a form of automatic gain control that tracks 

with PVT. A previous version of the design used a delay line to control the gain. The timer 

is implemented using PMOS transistors. In general the threshold of the timer will track 

with the threshold of the regeneration transistors in the comparator across temperature and 

so the gain should only need to be tuned once in the foreground for process variation, and 

afterwards the amplification time should increase/decrease with threshold changes. At the 

very least the amount of required adjustment should be very small.  

The size of the PMOS transistors can be tuned to get the desired threshold voltage. 

The reverse short channel effect arises as a result of non-uniform channel doping. 

Increasing the length of the PMOS transistors leads to a decrease in absolute value of 

threshold, as a result the gain increases. Changing the width does not affect the threshold 
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voltage of these transistors.  However it should be noted that vout_int is sensitive to 

capacitive loading and once the PMOS width is increased the loading also dominates the 

VOUT node and may generate a signal at a much higher gain as charging vout_int becomes 

slower. However this result is expected to change post layout and the dependence on 

parasitic capacitance should be reduced. 

Gain Characterization 

 

The gain characterization of the amplifier plus dynamic timer is done by sweeping 

the input voltage range and plugging in the gain curve into a system level ADC modelled 

in MATLAB. This helps us determine linearity accurately. 

 

Figure 30: Gain curve for dynamic timer input voltage sweep from 0.5mV to 10mV. 

 

This gain curve helps in determining the linearity of the amplifier. It is observed 

that the threshold voltage requires tuning in the sf and ff corner. Even though the threshold 

voltage of the PMOS transistors mentioned above tracks closely there is a change in the 
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threshold of the NMOS input pair of the residue amplifier across corner. A change in the 

NMOS threshold affects the overdrive voltage which in turn changes the gm/ID of these 

transistors. As a result the gain of the strong arm latch changes thus deviating from a value 

of 32. To mitigate this issue we create a VSB offset in order to tune VTH. The VSB offset 

is implemented by connecting the nwell of the PMOS to an offset voltage. The dependence 

on VTH on VSB is given below:  

VTH = VTH0 + Υ (√|𝑉𝑆𝐵 + 2∅| − √|2∅|)     (3.2) 

Where VTH0 is the threshold voltage when substrate bias is absent, VSB is the 

source-body voltage, ∅ is the surface potential and Υ= (tox/єox)√2𝑞𝑁є𝑠𝑖. 

 

 

Process Corner VSB offset (mV) 

TT 0 

FS 0 

SF -60 

FF -150 

SS 0 

Table 2: VSB tuning voltage for different process corners. 

Offset in Dynamic Timer 

 

If the input to the PMOS transistors have a slight offset which is primarily caused 

due to capacitance mismatch of the residue amplifier, the gain curve will look as shown in 

Figure 31. 
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Figure 31: Rectified Gain curve vs input voltage sweep in the presence of offset. 

 

As we can see in the Figure 31 and 32 the gain value is very high at input voltages 

closer to zero. This happens because the gain is being calculated as gain = (amplifier 

output)/(amplifier input + offset). This will cause the gain for input values close to 0 to 

look much larger than it really is, since the offset will push those values farther from 0, and 

the gain for values further away from 0 in the same direction as the offset to look smaller 

than they really are. 

If the gain is recalculated by subtracting the offset we get the yellow curve showing 

a gain of ~13. Thus after this only the size of the PMOS transistor needs to be tuned to 

achieve a value of 32. 
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Figure 32: Gain values vs residue voltage fed to second stage. 

STAGE 2 

Architecture 

 

Stage 2 is implemented as a 3 bit per cycle architecture. The total number of bits 

expected from the second stage are 3 hence only one conversion cycle is required. The 

VDD of stage 2 is scaled down by 4 as compared to the first stage to provide additional 

gain. Scaling down the voltage makes sure that the DAC output range is reduced and it can 

directly map to the output range of the amplifier so that no DAC codes get wasted. It 

consists of 2 DAC arrays each for generating ±3Vref/4 and ±Vref/4. Top plate sampling is 

used for the second stage. The size of the unit capacitor is kept the same as 2fF. 
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Figure 33: Second stage architecture. 

Switching and References 

 

Each of the cap arrays requires only one switch to pass the input value and the 

correct references. The switch used in the second stage design is the same as that shown in 

Figure 26. Since the largest capacitor for stage 2 is only 24fF (12xC), the switches need 

not be very large in size. DAC_IN signal decides the value to be set onto the capacitor 

DAC. Consider the DAC array high, if DAC_IN=0 i.e. the Vin sampled on to second stage 

is positive then VREFN is sent to the top bank and a complementary VREFP to the lower 

bank. Using charge conservation equation: 

Q=C.V 

For the final voltage on the positive terminal of comparator: 

(Vinp-VCM).16C= (Vxp- VCM).12C + (Vxp-VREFN).3C + (Vxp- VCM).C  (3.3) 

Vxp=Vinp - VCM.3/16 + VREFN.3/16       (3.4) 

For the final voltage on the negative terminal of comparator: 

(Vinm- VCM).16C= (Vxm- VCM).12C + (Vxm -VREFP).3C + (Vxm - VCM).C  (3.5) 

m=12 m=3 m=1 
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Vxm =Vinm - VCM.3/16 + VREFP.3/16       (3.6) 

Thus Vxp-Vxm=[ (Vinp - Vinm) – 3/16.(VREFP - VREFN)]    (3.7) 

3

16
 (VREFP-VREFN)= 

3

16
x1.2= 

3

4
x

𝑉𝐷𝐷

4
 = 

3

4
xVDD_stage2    (3.8) 

 

The MSB bit of the stage 2 is obtained from stage 1 itself. During the last 

comparator cycle of stage 1 the sign of the comparator lets us know if the input voltage 

being sampled onto stage 2 is positive or negative. However one should be careful about 

the sign as the residue amplifier provides negative gain. Hence if COMPM or the negative 

output of the comparator goes high, the decision is latched and MSB bit of stage 2 is kept 

high. The MSB bit also helps in determining the reference voltages to be applied to 

capacitor array. As soon as this bit is latched, a valid signal is generated which sets the 

references on the capacitor DAC thus giving it enough time to settle (~6ns in ss corner and 

worst case input). If the MSB bit is one, Vref/4 and 3Vref/4 are generated in the sampling 

switch. The NMOS latch used to latch the last comparator decision of stage 1 needs to be 

reset only after stage 2 has completed its decision making. Hence a special kind of latch is 

used as shown in Figure 34 in which instead of the clock, an additional reset signal makes 

the output of the latch go high. This latch is reset using the stage 2 reset signal at the start 

of stage 1 computation. 
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Figure 34: NMOS reset latch. 

 

Once the decision is made by the Vref/4 and 3Vref/4 comparators the output is passed 

on to the interpolating comparators to generate a comparison with Vref/2. Two interpolation 

comparators are present: one if Vin<0 and the other if Vin>0. The connections to both these 

comparators are antagonistic in nature. All comparators used in the second stage are strong 

arm latches which follow the same design principles as stated before. The input pair sizes 

for the strong arm latch used in second stage is 3.2um/120nm.  

The three sigma value of the offset is much less than 1 LSB as shown in the Figure 

35 below. The LSB value for stage 2 is 
600𝑚𝑉

23 = 75mV. The three sigma offset obtained 

from monte-carlo analysis is 27mV which is less than 
∆

2
. A digital logic comprising of 

NAND gates helps in determining which of the two interpolating comparators has the right 
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decision for the particular conversion cycle. All the digital outputs are latched once the 

comparators complete making a decision. 

 

 

 

Figure 35: Monte Carlo simulation showing the number of samples vs comparator 

offset values for 400 runs. 

The signal to latch second stage outputs is generated using digital NOR and NAND 

gates. The idea is that the signal should be generated as soon as the last comparator has 

completed making its decision. The last comparator to get fired would be wither of the 

interpolation comparators. Therefore outputs of at least one of the interpolation 

comparators should be complementary in nature and generate a latchoutput signal. 
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Chapter 4:  Layout techniques 

 

CAPACITOR DAC ARRAY 

 

 

Figure 36: Capacitor DAC array layout for stage 1. 

Figure 36 shows the layout floorplan of the first stage capacitor DAC [6].  Each 

cell represents a unit capacitor and the number indicates the corresponding bit in first stage. 

All the capacitors are placed using the common centroid rule to avoid gradient errors. 

Dummy capacitors are represented with the letter D and are added so that all the capacitors 

have the exact same environment surrounding them. This aids in capacitor matching. 

Redundant capacitor 4 and 5 are split up. The worst case matching occurs between the last 
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MSB cap and the first LSB cap. Putting a layer of redundant cap as shown in Figure 36 

helps in reducing mismatch. Shields of ground are added around the capacitors to ensure 

minimum self-coupling or inter coupling with other capacitors. These shields are placed 

such that the MSB and the LSB capacitor see the same coupling. 

 

STAGE 2 LAYOUT 

 

 

Figure 37: Layout for stage 2. 

 

Length=l1 

Length=l2 
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Both the capacitor banks of stage 2 have to be carefully placed on each side. There 

should be no mismatch as it can cause offset errors due to mismatch in wiring 

capacitance. This layout is done such that positive terminal for both DACs is at length 

l1 and negative terminal for both DACs is at length l2. This helps mitigate gain error. 

The sampling switches passing the amplified residue voltage are placed strategically 

along equal length metal 2 wires. The interpolation comparators are arranged such that 

each of them is equidistant from its respective inputs. This minimizes the offset which 

is otherwise created due to mismatch in wire lengths of the inputs of the comparator. 

All the digital logic generating the valid signal and latchoutput is placed on top right 

so that it gets easy access to the MSB bit as well as the outputs of the interpolation 

comparators. Metal 1 tracks of VDD and VSS are created along which the reset 

switches are placed. The dynamic timer as well as the sampling clock for the second 

stage is also placed in between these tracks. Doing so minimizes the length of 

connections. Also to reset these switches, the amplifier clock of stage 1 is being used 

instead of the reset signal generated in the clock generation block. This ensures 

minimum routing and crisscrossing from stage 1 to stage 2. 
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Figure 38: Layout for stage 2 with residue amplifier and dynamic timer. 

 

Another interesting thing to note is the offset that will be created due to mismatch 

in wiring length l1 and l2. The metal 2 wire length to positive and negative terminal of the 

DAC is different. Thus the offset of residue amplifier and comparator won’t exactly cancel 

each other due to mismatch at the output of the amplifier as shown in Figure 38. 

Amplifier output 
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Figure 39: Histogram showing a plot of number of samples versus offset of comparator 

(right) and residue amplifier (left). 
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Chapter 5:  Results 

 

The tables below summarize the results obtained for the SAR ADC design. For the 

purpose of ENOB calculation, transient simulations have been performed with transient 

noise enabled and 64 point FFT has been computed. The distribution of noise and power 

from different circuit components is also explained in detail. 

ADC PARAMETERS 

 

ENOB, SNDR, SFDR and SNR for each stage are calculated by taking a 64 point 

FFT. Also the phase of the input sinusoid signal is put as a random value to increase 

coverage points. 

Samples Pre-layout Post-layout 

ENOB 12 12.39 

SNDR (dB) 73.2 76.4 

SFDR (dB) 75 78.12 

SNR (dB) 95.1 90.7 

Table 3: ADC parameters for stage 1. 

 

Stage one + Residue 

voltage 

Pre-layout Post-layout 

ENOB 13.86 13.35 

SNDR 85.2 82.12 

SFDR  89.15 82.85 

SNR 90.5 90.24 

Table 4: ADC parameters for stage one plus residue amplifier. 
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Final Digital Output Pre-layout Post-layout 

ENOB 10.56 10.05 

SNDR 65.33 62.26 

SFDR  71.9 68.61 

SNR 65.33 62.26 

Table 5: ADC parameters for final output. 

NOISE SIMULATION 

 

For doing the noise simulation of the residue amplifier and comparators, the gain 

at specific time points is calculated using PSS. Then we get the PNOISE at those same time 

points. This technique is a bit tricky because we have to make sure that the comparator is 

in regeneration (where the SNR will be 1) and also that the comparator is not saturating, as 

then the input-referred noise calculation will not be accurate. The sampling noise is 

calculated theoretically using the formula KT/C.  

 

Noise source Value 

Stage 1 thermal noise 127.4uVms 

Stage 2 input referred thermal noise 15.9uV rms 

Total sampling noise 127.9uV rms 

Amplifier Noise 227uV rms 

First stage comparator noise 367.5uV rms 

Quantization noise (for 10 bit) 406.2uV rms 

Table 6: Noise results for the ADC. 
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Figure 40: Pie chart showing the contributors of noise in this ADC design 

 

 

POWER 

 

Transient simulations are run and the average current is recorded across each block. 

The average current is calculated by using the “average” command in the virtuoso 

calculator. Power= VDD x Iavg where VDD=1.2V 

 

 

 

 

 

 

 

Noise distribution (uV)

stage1 thermal noise stage 2 input referred noise total sampling noise

amplifier noise first stage comparator quantization noise
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Block Average Current Average Power  

Top level analog power  18.8 E-06 22.56E-06 

Top level digital power 49.89E-06 59.8E-06 

Stage 1 reference power 17.01E-06 20.41E-06 

Stage 2 reference power 0.1E-06 0.12E-06 

Global Clock Generation 24.6E-06 29.52E-06 

Stage 1 digital power 25.34E-09 30.4E-06 

Stage 1 analog power 4.64E-06 5.56E-06 

Stage 2 digital power 3.1E-06 3.72E-06 

Stage 2 analog power  14.15E-06 16.98E-06 

Residue amplifier + dynamic timer 10.12E-06 12.14E-06 

 

Table 7: Power results for the ADC. 

 

 

 

Figure 41: Pie chart showing the power distribution among blocks in this ADC design 

Power consumption (uW)

residue amplifier stage 2 comparator clock stage 1 DAC

stage 2 DAC clock logic clock drivers
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