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CMOS Scaling of Digital Integrated Circuits 

•  Scaling CMOS transistor dimensions results in 
–  exponential increase in number of transistors per chip [Moore’s law] 
–  lower capacitance, delay, active power dissipation, cost 
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CMOS Scaling of Mixed-Signal/Analog Circuits 

Good: 
reduced: capacitance, active power  
increased: speed  
 

Bad: 
reduced: supply voltage, voltage headroom 

 

Ugly: 
increased: mismatch, noise, short-channel effects, nonlinearity 
reduced: intrinsic transistor gain, signal-to-noise ratio, dynamic 
range 

  

“Good, Bad, Ugly” sketch courtesy of Kevin Graham: http://www.kevingrahamart.com/ 

•  Analog circuits generally don’t scale like digital circuits 
•  State-of-the art CMOS processes are digital-friendly,  

but analog-hostile 
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Analog-to-Digital Converters 
•  Typical	  ADC:	  

•  An=aliasing	  filter	  (ideally)	  enforces	  band-‐limitedness	  to	  BW	  
•  Sampling	  is	  lossless	  if	  fs	  >	  2	  BW	  (Nyquist	  rate)	  
•  Quan=za=on	  is	  lossy,	  i.e.	  it	  adds	  noise	  	  

•  Signal-‐to-‐quan=za=on	  noise	  ra=o:	  
SQNR	  =	  6.02	  N	  +	  1.76	  (dB)	  	  
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Analog-to-Digital Converter Area Trend 
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B. Murmann, "ADC Performance Survey 1997-2015," [Online].  
Available: http://web.stanford.edu/~murmann/adcsurvey.html. 
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Contributions 
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•  Novel architecture with loop delay calibration 
•  Combines time-based information 

processing & noise shaping  

Time-Based Delta 
Sigma ADC 

Architecture & 
Modeling 

•  Prototype chips demonstrate proof of concept 
•  Among smallest area in literature 

Two Prototype 
ADC Chips 

•  Up to 16 dB improvement in SNDR with digital 
calibration 

•  Diagnostic tool for identifying linearity bottleneck 

Nonlinearity 
Estimation and 

Correction 

Analog-to-Digital Converter Circuit and System Design  
to Improve with CMOS Scaling  
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Delta Sigma Modulation (DSM) 
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•  Idea:	  	  
– start	  with	  low-‐resolu=on	  quan=zer	  (1	  to	  few	  bits)	  
– use	  feedback	  to	  shape	  noise	  spectrum	  as	  high-‐pass,	  and	  
– use	  oversampling	  and	  digital	  lowpass	  filtering	  to	  reduce	  noise	  

1st	  Order	  DSM	  	  
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Time-Based Signal Processing 
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• Benefits	  from	  scaling	  
perspec=ve:	  
– Improved	  =ming	  accuracy	  
with	  CMOS	  scaling	  
– Digital	  implementa=on	  
– Not	  thermal	  noise	  limited,	  
no	  need	  for	  large	  
capacitances	  

156 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS, VOL. 57, NO. 3, MARCH 2010

Fig. 9. (a) Band-limiting DTC output. (b) Extending the⌃� concept to DTC.

Fig. 10. Process of time-to-digital conversion including anti-aliasing filtering.

Fig. 11. Single-counter TDC.

method is through the application of a PLL (see Fig. 10), as

explained in the previous section.

A TDC can be realized with time comparators (D flip-

flops) and other digital blocks, as described in the succeeding

sections.

1) Single Counter: The simplest of the TDC architectures is
that shown in Fig. 11. In this converter, the input time interval

�T between the rising edges of a start and a stop pulse is

measured by a counter running on a high-frequency reference

clock. The AND gate ensures that the counter is enabled only

when Start and Stop are logically different. The resolution

of this device is constrained by the speed of the reference

clock and can be no higher than a single clock period. The

constraints on the frequency and stability of on-chip clocks

limit the application of this architecture.

2) Flash TDC: Flash TDCs are analogous to flash ADCs
for voltage amplitude encoding and operate by comparing a

signal edge with respect to various reference edges all displaced

in time. The elements that compare the input signal to the

reference are usually D-type flip-flops. In the single VCDU

chain flash TDC shown in Fig. 12, each buffer produces a delay

equal to � . To ensure that � is known reasonably accurately, the
delay chain is often implemented and stabilized by a DLL [7]

[as shown in Fig. 13(a)].

To determine the time difference �T between the rising

edges of pulses Input and Ref Clock by the eight-level delay

chain converter in Fig. 12, each flip-flop compares the displace-

ment in time of the delayed Ref Clock to that of the Input

signal. The thermometer-encoded output indicates the value of

Fig. 12. Block diagram for a flash TDC.

Fig. 13. (a) Fine-resolution flash TDC adopting DLL. (b) Refining the time
resolution by adopting Vernier delay line.

�T , assuming that the flip-flops are given sufficient time to
settle. The drawback to this implementation is that the temporal

resolution can be no higher than the delay through a single

gate in the semiconductor technology used. To achieve subgate

temporal resolution, the flash converter can be constructed

with a Vernier delay line [8], as shown in Fig. 13(b). This

architecture achieves a resolution of �1 � �2, where �1 > �2.

Again, two individual DLLs should be implemented for each

delay chain to make them reasonably accurate.

Flash TDCs are well suited for use in on-chip timing mea-

surement systems, because they are capable of performing a

measurement on every clock cycle and can be operated at rela-

tively high speeds. In addition, they can easily be constructed in

any standard CMOS process, because they are composed solely

of digital components.

3) Vernier Oscillator: A component-invariant Vernier oscil-
lator TDC with phase detector shown in Fig. 14 is composed

of two ring oscillators producing plesichronous square waves

to quantize a time interval based on a very small frequency

Authorized licensed use limited to: University of Texas at Austin. Downloaded on May 04,2010 at 13:47:49 UTC from IEEE Xplore.  Restrictions apply. 

Figure 2.7: A 3-bit flash time-to-digital converter [17]

4. Cyclic pulse-shrinking TDC, e.g., [20]

As an example, consider the flash TDC illustrated in Fig. 2.7. Such a circuit

is implemented using digital circuits: bu↵ers for unit delay by ⌧ , latches for

strobing the value of the input pulse at equally spaced time-intervals, and

digital logic to convert a thermometer code to a binary word. The benefits of

time-based processing are clear by examining this circuit:

1. Improved timing accuracy with transistor scaling

2. Time-based operations have “digital” implementation that scale well

(even if treated as analog with custom layout)

18

3-‐bit	  Flash	  TDC	  [Roza97]	  

Voltage-to-Time 
Converter 

Time-Based 
Signal 

Processing 
Time-to-Digital 

Converter 

1001… 
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Digitally-Assisted Analog Scheme 
•  A trend in the literature, to improve analog circuit performance 

through digital methods [Murmann2010] 

•  The availability of cheap (power/area) digital circuits makes 
these methods more attractive as processes scale.  

•  Example: 

Background  |  Architecture |  Prototypes |  Nonlinearity |  Conclusion 

Digital Nonlinearity Compensation

System
ID

Analog
Nonlinearity

Digital
Inverse

Modulation

Dout,corrVin Dout

Parameters

z Use system ID to determine optimum post distortion

z Possible to track variations over time without interrupting normal 
circuit operation
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Thesis Statement 
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Architect low-area delta-sigma data converters  
that scale with CMOS technology by replacing  
voltage-domain with time-domain processing. 



Prior Art 
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•  Voltage Controlled Oscillator (VCO)-Based Delta Sigma ADC 

 
•  Time-Based Delta Sigma ADCs 
– Using asynchronous delta sigma modulator 
–  Time-to-Digital Converters (TDCs) 
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VCO-Based Delta Sigma ADC 
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•  Continuous-time integration (1/s) is inherent.  
•  Sampling VCO phase at periodic intervals gives quantized 

phase. 
•  VCO nonlinearity (KVCO) is an important limitation. 
–  [Rao2011] proposes two-level PWM modulator to avoid the problem 
–  [Taylor2013] uses digital calibration and post-correction to mitigate the 

problem 

INF4420 Spring 2012   Ring oscillators Jørgen Andreas Michaelsen (jorgenam@ifi.uio.no)

Voltage controlled osc.

23 / 31

Voltage controlled osc.

Different schemes for controlling the output 
frequency. 
 

● Modulating the driving strength
● Modulating the load
 

Control signal is usually a voltage (VCO) or a 
current (CCO). Sometimes a V/I converter is 
used to interface a CCO with a voltage signal.

24 / 31
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Prior Art 
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•  Time-Based Delta Sigma ADCs 
–  Asynchronous delta-sigma modulation  

 [Dhanasekaran2009,  
 Taillefer2009, 
 Daniels2010] 

 

–  Time Encoding Quantizer (TEQ)-based ADCs  
 [Prefasi2009] 
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Time-Based Delta Sigma ADC 
Architecture & Modeling 

First Contribution 

Image source: http://www.intel.de/content/www/de/de/cofluent/intel-cofluent-studio.html 14 



Time-Based Processing Encoding/Operands 
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Figure 3.2: Definition of pulse and pseudo-di↵erential (conceptual) pulse

is simple to understand; however, for both accuracy and robustness, pseudo-

di↵erential pulses are often preferred. A pseudo-di↵erential pair of pulses

(Tb,rise, Tb,fall) as shown in Fig. 3.2, encode pulse width in the time duration

between the rise transition of Tb,rise and that of Tb,fall.

The advantages of pseudo-di↵erential pulses for encoding analog quan-

tities are twofold: (1) By encoding information in the rise-to-rise delay rather

than rise-to-fall delay, errors due to skewed low-to-high vs. high-to-low propa-

gation delays are eliminated, and (2) this encoding removes the restriction on

minimum pulse widths due to vanishing pulses. Every circuit in the proposed

ADC operates using pseudo-di↵erential pulses, even though some of the timing

diagrams in this chapter illustrate the conventional pulse (for simplicity).

In reference to the pulses illustrated in Fig. 3.2, the following notation

is used for the remainder of this chapter:

• A pulse represented by a pair of numbers Ta = (trise ! tfall) indicates a

transition from zero to VDD at time trise and back to zero at time tfall.

24
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Figure 3.3: (a) Addition and (b) subtraction in time-domain using pulse widths

Tadd. Subtraction, depicted in Fig. 3.3(b), requires aligning the start of Tsub

with that of Tin. The result of subtraction is the pulse Tout which begins when

Tsub ends, and ends when Tin ends. Aligning pulses in the manner described

requires a triggering mechanism (and asynchronous digital circuits), which is

described later.

With respect to pseudo-di↵erential pulses, it is clear how pulse widths

can be added and subtracted. If two pulses are appropriately aligned, adding

a pulse to another is achieved by simply delaying the f pulse of the output.

Similarly, to subtract two pulses aligned with their r pulses, only the output r

pulse needs to be delayed. This method of pulse arithmetic has the advantage

of simple implementation using digital logic gates. It also has the complexity

of dealing with the alignment of pulses. In the next section, it shall become

clear that using an error feedback structure, where the order of addition and

26

Conventional Pulse 
 
 
 
 
 
Pseudo-Differential Pulses 

Pulse Width Addition 
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Figure 3.3: (a) Addition and (b) subtraction in time-domain using pulse widths

Tadd. Subtraction, depicted in Fig. 3.3(b), requires aligning the start of Tsub

with that of Tin. The result of subtraction is the pulse Tout which begins when

Tsub ends, and ends when Tin ends. Aligning pulses in the manner described

requires a triggering mechanism (and asynchronous digital circuits), which is

described later.

With respect to pseudo-di↵erential pulses, it is clear how pulse widths

can be added and subtracted. If two pulses are appropriately aligned, adding

a pulse to another is achieved by simply delaying the f pulse of the output.

Similarly, to subtract two pulses aligned with their r pulses, only the output r

pulse needs to be delayed. This method of pulse arithmetic has the advantage

of simple implementation using digital logic gates. It also has the complexity

of dealing with the alignment of pulses. In the next section, it shall become

clear that using an error feedback structure, where the order of addition and

26
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System Model 
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Figure 3.4: (a) Architecture and (b) timing diagram of the time-based �⌃
ADC. VTC = voltage-to-time converter, DCU = delay control unit, TDC =
time-to-digital converter, DTC = digital-to-time converter.
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Voltage-to-Time Converter 
(VTC)/Adder 
 
Samples  

 Vin @ t = kTs 
  

Converts it to ΔTin[k]   

Adds it to the 
feedback pulse T4  

Result = T1  
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System Model 
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Figure 3.4: (a) Architecture and (b) timing diagram of the time-based �⌃
ADC. VTC = voltage-to-time converter, DCU = delay control unit, TDC =
time-to-digital converter, DTC = digital-to-time converter.
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Digital-to-Time Converter 
(DTC) 
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 Dout[k-1] units 
  

Time-to-Digital Converter 
(TDC) 
 
quantizes the result to get  

  
 Dout[k] 
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System Model 
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time-to-digital converter, DTC = digital-to-time converter.

28

Delay Control Unit (DCU) 
and Excess Delay 
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 td, Excess Delay   
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TDC/DTC 
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•  TDC = Time-to-Digital Converter 
•  DTC = Digital-to-Time Converter 

Figure 3.6: Functional block diagram of the TDC/DTC

The output of the VTC/Adder (T
1

) passes through the phase detector

block of the Delay Control Unit (T
2

) without modification, except for delay

td,Phase Detector

applied to both rise and fall pulses. It is then processed by the

TDC/DTC block described next.

3.2.5 Time-to-Digital Converter/Digital-to-Time Converter

The TDC/DTC block performs the functions of both the ADC and

the DAC in the first-order delta-sigma error feedback only structure shown in

Fig. 2.6. In an e↵ort to save area, a reusable structure for both subtraction

and multi-bit quantization is devised. This novel invertible ADC/DAC is pos-

sible thanks to time-domain processing and is not possible in voltage-domain

processing.

Fig. 3.6 shows the block diagram of the TDC/DTC. It consists of

33
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Voltage-to-Time Converter/Adder 
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Ramp
Gen

VRamp_r

Ramp
Gen

VRamp_f

VinVin

Vref

fin

rin

Vref

rin

fin
rout

fout

fout

rout VRamp_r

Tin

VRamp_f

Tout

Figure 3.5: Functional block diagram and timing diagram of the VTC/Adder.

in Fig. 3.5. The identical circuits have a ramp generator and a continuous-time

comparator.

As shown in the bottom half of Fig. 3.5, the analog input Vin(t) is

connected to a continuous-time comparator. The fall edge of the feedback

pulse fin = T
4,fall triggers a ramp generator to produce a linear ramp from

0 to 1.8V. Once the ramp generator output (VRamp,r) crosses Vin, the output

fout propagates. The larger the value of Vin, the longer it takes for the ramp

voltage to reach Vin. Therefore, the information about the voltage amplitude

of Vin is stored in time. The proportionality is linear, when the ramp is linear,

31
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Simulink Modeling 
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Figure 4.1: Top-Level Simulink Model of the proposed time-based �⌃ ADC

ematical sine function at the true sampling instance in each cycle (t = fin(k)).

This is the reason for the absence of an input sine wave in the model of

the proposed ADC. Instead, the sine function is evaluated internally in the

VTC/Adder block.

4.1.2 Phase Detector Model

The model for the phase detector (Fig. 4.3), keeps track of an ideal

external reference clock with period Ts. In each cycle, the reference is incre-

mented by Ts and compared to the edge of fin input to the Phase Detector

block. Recall, this is the edge that corresponds to sampling and needs to be

uniformly spaced from one cycle to the next. If fin is within ±Td,hyst of the

ideal edge, then lead and lag are both 0. Otherwise, one of lead or lag is as-

serted and the Excess Delay block compensates by adding more or less delay,

40
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Simulink Modeling - DCU 
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Figure 4.5: Simulink model for the Excess Delay block of the proposed time-
based �⌃ ADC

Table 4.1: Parameters used in the behavioral simulation

Parameter Value Units
Ts 6.94 ns
vin freq 200 kHz
vin amp 0.18 V
vin cm 0.482 V
VTC slope 1.5 nV / s
td phase detector 0.5 ns
td DTC 2.7 ns
td fixed delay 3.025 ns
T LSB 100 ps
NoB 3 -
trip en 0/1 -
Td hyst trip en & 0.3 ns
Td hyst2 trip en & 0.4 ns

44
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Simulink Modeling 
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Figure 4.8: Waveforms for di↵erent signals in the behavioral model of the
proposed time-based �⌃ ADC.
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Role of DCU in Reducing Distortion 
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DCU Disabled 
 
Spectrum exhibits major harmonic distortion  
due to non-uniform sampling 

DCU Enabled 
 
Spectrum is virtually distortion free 
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Figure 4.9: Histograms for �T = t(f
out, phase detector

)� k · Ts showing the devi-
ation from ideal sampling times k · Ts when the DCU is disabled/enabled

in creating conditions for uniform sampling is the standard deviation of

�T = t(f
out, phase detector

) � k · Ts

Observe the histogram in Fig. 4.9, shows a standard deviation that is more

than two orders of magnitude smaller when the DCU is enabled, as compared

to the DCU disabled case. It is now clear how the DCU drastically reduces

variations from ideal/uniform sampling times (k · Ts). The histogram of the

DCU enabled case is shown independently in Fig. 4.10.

48

Role of DCU in Reducing Distortion 
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DCU Disabled 

DCU Enabled 

25 



Effect of DTC Element Mismatch 

Background | Architecture | Prototypes |  Nonlinearity |  Conclusion 
 

26 



Effect of TDC Element Mismatch 
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Comparison of DTC/TDC Element Mismatch 
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Prototype ADC Chips 
Second Contribution 

Image source: http://www.intel.de/content/www/de/de/cofluent/intel-cofluent-studio.html 29 



First Generation Chip in TSMC 180nm 
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TSMC = Taiwan Semiconductor Manufacturing Company 
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First Generation Chip Details 
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Table 5.1: First-Generation Chip Parameters
Parameter Value Units
Process TSMC 180nm 6M 1P -

Supply Voltage (VDD) 1.8 V
Oversample Frequency (fs) 144 MHz

Quantizer (TDC) Number of Bits 3 bits
DAC (DTC) Number of Bits 3 bits

TDC LSB (�) 80 ps
t
d,VTC/Adder

2.1 ns
t
d,PhaseDetector

0.57 ns
t
d,DTC

1.24 ns
t
d,ExcessDelay

(Average) 2.8 ps
Area 0.0275 mm2

5.2.1 VTC/Adder

Recall from Chapter 3 that the VTC/Adder consists of two identical

half circuits, each of which have a ramp generator and a continuous-time com-

parator. The circuit topology of the VTC/Adder is shown in Fig. 6.1.

The ramp generator consists of a wide-swing current source (IB =

200µA), an integrating capacitor (CI = 110fF), and digital switches to cre-

ate a 0 to 640ps full scale T
⌃

[k] corresponding to a (0.28V-0.68V) linear range

of Vin with Vref = 0.28V.

The continuous-time comparator is a PMOS-input folded-cascode dif-

ferential amplifier with a bu↵ered output stage. The fixed overall latency is

2.10 ns (td,VTC/Adder

).

59

Table 5.2: Summary of Measurement Results of First-Generation Chip
Quantity Value Units

fs 144 MHz
OSR 36 -
BW 2.0 MHz
fin 146.1 kHz

Vin,pk�pk 400 mV
SNR 44.6 dB
SNDR 34.6 dB
THD -35.0 dB
ENoB 5.5 bits
Power 2.7 mW

5.3.3 Experimental Results

The experiment results obtained on the first generation chip consist

of power measurement and FFT magnitude spectra obtained on a sinusoidal

input.

The total power consumption is 2.7 mW using a 1.8V supply, where

2.52 mW is consumed by the VTC/Adder and the rest of the digital core

consumes merely 180 µW.

Fig. 5.10 shows the measured output spectrum of the ADC for a 400 mV

pk-pk (0 dBFS) and 146.1 kHz sinusoidal input converted with an oversampling

frequency of fs = 144 MHz. FFT length of 128K is used to generate the plot

with a 7-term Blackman-Harris window. With OSR = 36, and BW = 2 MHz,

SNR and SNDR were measured to be 44.6 dB and 34.6 dB, respectively. THD

was measured to be -35.0 dB. These measurements results are also summarized

in Table 5.2.

69
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First Generation Chip Waveforms 
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Figure 5.9: Time-domain waveform showing 1 cycle of a 146.1 kHz sine wave.

70

Frequency (Hz)
104 105 106 107

A
m

p
lit

u
d
e
 (

d
B

F
S

)

-100

-80

-60

-40

-20

0

Figure 5.10: Magnitude FFT spectrum of a 146.1 kHz sinusoid sampled with
fs = 144 MHz
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Figure 5.11: Averaged Magnitude FFT spectrum of a 146.1 kHz sinusoid sam-
pled with fs = 144 MHz,Navg = 30
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Table 6.1: Second-Generation Chip Parameters
Parameter Value Units
Process IBM 45nm SOI 10M 1P -

Supply Voltage (VDD) 1.8/1.0 V
Oversample Frequency (fs) 640 MHz

Quantizer (TDC) Number of Bits 4 bits
DAC (DTC) Number of Bits 4 bits

TDC LSB (�) 15.8 ps
t
d,VTC/Adder

714 ps
t
d,PhaseDetector

116 ps
t
d,DTC

302 ps
t
d,ExcessDelay

(Average) 400 ps
Area 0.0192 mm2

6.2.1 VTC/Adder

Similar to the VTC/Adder of the first-generation chip, the VTC/Adder

of the second-generation chip consists of two identical half circuits, each of

which have a ramp generator and a continuous-time comparator. As shown

in Fig. 6.1, the VTC/Adder of the second-generation chip also includes level-

shifters that translate the logic levels from the core supply voltage (1.0V) to

the I/O supply voltage (1.8V) and back. The reason for adding level-shifters

is that the comparators and ramp generators operate with the 1.8V supply

and are designed using I/O (thick-gate) devices for improved headroom and

linearity. The rest of the ADC operates with 1.0V supply and core (thin-gate)

devices.

The ramp generator consists of a wide-swing current source (IB =

500µA), an integrating capacitance (CI = 92.5fF), and digital switches to
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Figure 6.5: Complete PWM-based �⌃ ADC System

Figure 6.6: Core Layout. Dimensions are 160 µm ⇥ 120 µm
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Table 6.2: Summary of Measurement Results of Second-Generation Chip
Quantity Value Units

fs 705 MHz
OSR 36 -
BW 9.8 MHz
fin 500 kHz

Vin,pk�pk 600 mV
SNR 41.2 dB
SNDR 37.5 dB
ENoB 6 bits
THD -39.6 dB
Power 8.0 mW
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Figure 6.9: Time-domain waveform showing 1 cycle of a 0.5 MHz sine wave.
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Figure 6.11: Averaged Magnitude FFT spectrum of a 500 kHz sinusoid sam-
pled with fs = 705 MHz, NFFT = 64K, Navg = 30
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Table 6.2: Summary of Measurement Results of Second-Generation Chip
Quantity Value Units
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Figure 6.9: Time-domain waveform showing 1 cycle of a 0.5 MHz sine wave.
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Table 5.2: Summary of Measurement Results of First-Generation Chip
Quantity Value Units

fs 144 MHz
OSR 36 -
BW 2.0 MHz
fin 146.1 kHz

Vin,pk�pk 400 mV
SNR 44.6 dB
SNDR 34.6 dB
THD -35.0 dB
ENoB 5.5 bits
Power 2.7 mW

5.3.3 Experimental Results

The experiment results obtained on the first generation chip consist

of power measurement and FFT magnitude spectra obtained on a sinusoidal

input.

The total power consumption is 2.7 mW using a 1.8V supply, where

2.52 mW is consumed by the VTC/Adder and the rest of the digital core

consumes merely 180 µW.

Fig. 5.10 shows the measured output spectrum of the ADC for a 400 mV

pk-pk (0 dBFS) and 146.1 kHz sinusoidal input converted with an oversampling

frequency of fs = 144 MHz. FFT length of 128K is used to generate the plot

with a 7-term Blackman-Harris window. With OSR = 36, and BW = 2 MHz,

SNR and SNDR were measured to be 44.6 dB and 34.6 dB, respectively. THD

was measured to be -35.0 dB. These measurements results are also summarized

in Table 5.2.
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Table 6.1: Second-Generation Chip Parameters
Parameter Value Units
Process IBM 45nm SOI 10M 1P -

Supply Voltage (VDD) 1.8/1.0 V
Oversample Frequency (fs) 640 MHz

Quantizer (TDC) Number of Bits 4 bits
DAC (DTC) Number of Bits 4 bits

TDC LSB (�) 15.8 ps
t
d,VTC/Adder

714 ps
t
d,PhaseDetector

116 ps
t
d,DTC

302 ps
t
d,ExcessDelay

(Average) 400 ps
Area 0.0192 mm2

6.2.1 VTC/Adder

Similar to the VTC/Adder of the first-generation chip, the VTC/Adder

of the second-generation chip consists of two identical half circuits, each of

which have a ramp generator and a continuous-time comparator. As shown

in Fig. 6.1, the VTC/Adder of the second-generation chip also includes level-

shifters that translate the logic levels from the core supply voltage (1.0V) to

the I/O supply voltage (1.8V) and back. The reason for adding level-shifters

is that the comparators and ramp generators operate with the 1.8V supply

and are designed using I/O (thick-gate) devices for improved headroom and

linearity. The rest of the ADC operates with 1.0V supply and core (thin-gate)

devices.

The ramp generator consists of a wide-swing current source (IB =

500µA), an integrating capacitance (CI = 92.5fF), and digital switches to
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Table 5.1: First-Generation Chip Parameters
Parameter Value Units
Process TSMC 180nm 6M 1P -

Supply Voltage (VDD) 1.8 V
Oversample Frequency (fs) 144 MHz

Quantizer (TDC) Number of Bits 3 bits
DAC (DTC) Number of Bits 3 bits

TDC LSB (�) 80 ps
t
d,VTC/Adder

2.1 ns
t
d,PhaseDetector

0.57 ns
t
d,DTC

1.24 ns
t
d,ExcessDelay

(Average) 2.8 ps
Area 0.0275 mm2

5.2.1 VTC/Adder

Recall from Chapter 3 that the VTC/Adder consists of two identical

half circuits, each of which have a ramp generator and a continuous-time com-

parator. The circuit topology of the VTC/Adder is shown in Fig. 6.1.

The ramp generator consists of a wide-swing current source (IB =

200µA), an integrating capacitor (CI = 110fF), and digital switches to cre-

ate a 0 to 640ps full scale T
⌃

[k] corresponding to a (0.28V-0.68V) linear range

of Vin with Vref = 0.28V.

The continuous-time comparator is a PMOS-input folded-cascode dif-

ferential amplifier with a bu↵ered output stage. The fixed overall latency is

2.10 ns (td,VTC/Adder

).
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Third Contribution 
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Nonlinearity Due to Element Mismatch 
•  In the presence of DTC (DAC) element mismatch Multibit 

DSMs exhibit harmonic distortion. 
 
•  To lower the distortion, need 
–  extremely good matching, and/or  
–  dynamic element matching (DEM) schemes. 

  
•  Alternatively:  
–  Lookup table (LUT) that maps each code out of the modulator to the true 

value of the DTC can perfectly cancel nonlinearity. 

•  Problem:  
– How do we estimate the DTC element mismatch?  
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Simulated Estimation/Calibration 
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Figure 7.6: Spectrum showing linearity improvement using the calibration
algorithm for simulated data that matches the estimated mismatch of the first
generation chip. Uncalibrated THD = �35.4 dB, calibrated THD = �49.1 dB.
THD is improved by 13.7 dB for OSR = 14, BW = 5.14 MHz

Table 7.4: Simulated first generation ADC performance with/without calibra-
tion for OSR = 36, BW = 2.0 MHz

Uncalibrated Calibrated Improvement Perfect Cal. Units
SNR 45.5 46.0 0.5 46.0 dB
SNDR 35.1 44.8 9.9 44.8 dB
THD -35.5 -50.7 15.0 -50.7 dB
ENoB 5.5 7.2 1.7 7.2 bit
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First Generation Chip Calibration 

Table 7.1: Meaured first generation ADC performance with/without calibra-
tion for OSR = 14, BW = 5.14 MHz

Uncalibrated Calibrated Improvement Units
SNR 41.1 41.3 0.2 dB
SNDR 33.7 40.0 6.3 dB
THD -34.5 -45.7 11.2 dB
ENoB 5.3 6.3 1 bit

Table 7.2: First generation ADC performance with/without calibration for
OSR = 36, BW = 2.0 MHz

Uncalibrated Calibrated Improvement Units
SNR 44.6 44.8 0.2 dB
SNDR 34.6 44.0 9.4 dB
THD -35.0 -51.0 16.0 dB
ENoB 5.5 7.0 1.5 bit

Fig. 7.2 and 7.3. These figures show a drastic reduction in the harmonic con-

tent through digital post-correction of DTC (DAC) element mismatch. ADC

perfomance is summarized in Tables 7.1 and 7.2.

The values of the mismatch found by the calibration algorithm for the

first generation chip are plotted in Fig. 7.4. Note there is a trend of alter-

nating sign in mismatch coe�cients. This can be explained by the TDC/DTC

structure which incorporates inverters, rather than bu↵ers as the unit delay

element. This approach, while having the advantage of creating smaller unit

delays and ultimately faster conversion rates, however, it is responsible for the

majority of the measured nonlinearity. Since PMOS and NMOS transistors in

the inverters cannot match under normal process variations, it is much more

advantageous to use bu↵ers as unit delay elements.
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Second Generation Chip Calibration 

Table 7.5: Measured second generation ADC performance with/without cali-
bration for OSR = 36, BW = 9.8 MHz

Uncalibrated Calibrated Improvement Units
SNR 44.6 44.8 0.2 dB
SNDR 34.6 44.0 9.4 dB
THD -35.0 -51.0 16.0 dB
EnoB 5.5 7.0 1.5 bit

7.2.2 Calibration of the Second Generation ADC

Using the measured data of the second generation chip, the calibration

algorithm is used to estimate and correct for the DTC element mismatch.

The ADC performance with and without calibration is compared in Table 7.5.

The uncalibrated and calibrated spectra are shown in Fig. 7.7 and 7.8. These

figures show a drastic reduction in the harmonic content through digital post-

correction of DTC (DAC) element mismatch.

The values of the mismatch found by the calibration algorithm for the

second generation chip are plotted in Fig. 7.9. Note that similar to the first

generation chip, there is a trend of alternating sign in mismatch coe�cients.

This can be explained by the TDC/DTC structure which incorporates invert-

ers, rather than bu↵ers as the unit delay element.

7.3 Improved Design For TDC/DTC

From the calibration of the DTC in the first and second generation

chips, I determined the root cause of the modulator distortion to be predom-

inantly the mismatch in the DTC. I also found a systematic pattern to the
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Mismatch Coefficients 
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Summary of Contributions 
•  Contribution 1:  

Architect and model novel time-based delta sigma ADC  
– Replace voltage-domain with time-domain processing to enable scaling 
– Calibrate loop delay to reduce non-uniform sampling effects 
– Reuse elements of TDC/DTC to save area 

 
•  Contribution 2:  

Fabricate and test two prototype two ADC chips 
–  TSMC 180nm CMOS 
–  IBM 45nm SOI 

•  Contribution 3:  
Analyze and mitigate major nonlinearity 
–  Estimate element mismatch coefficients 
–  Perform digital post-correction 
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Future Work 
•  Reduction in DTC unit delay element mismatch by 
–  utilizing (non-inverting) buffers rather than inverters, or 
–  using the same structure of DTC/TDC but with feedback that truncates 

the LSB, or 
–  using extra inverter stages and implementing a dynamic element 

matching scheme. 

•  Circuit-level improvements 
–  Improve thermal/flicker noise in front-end circuits, mainly comparator 

– Reduce power consumption of front-end by removing replica of ramp 
generator and comparator in the VTC/Adder and replacing it with a 
calibrated delay cell. 
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Summary of Relevant Work by Presenter 
•  Y. Mortazavi, S. M. Mortazavi Zanjani, A. Brennan, D. Allen, M. Ranjbar, A 12.6 μW 70+ dB DR 2nd Order 

CT ΔΣ Audio ADC in 55nm CMOS, 2015 IEEE Custom Integrated Circuits Conference, Sep. 28-30, 2015, 
San Jose, CA USA, to be submitted. 

•  W. Jung, Y. Mortazavi, B. L. Evans, and A. Hassibi, “An all-digital PWM-based ∆Σ ADC with an inherently 
matched multi-bit quantizer/DAC,” 2014 IEEE Custom Integrated Circuits Conference, Sep. 15-17, 2014, 
San Jose, CA USA. 
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Element Mismatch Estimation 

To understand why adding a lookup table at the output of the modu-

lator cancels or calibrates the nonlinearity due to the DTC, consider that the

DTC plays the role of the DAC in a first-order �⌃ modulator. Assume for

simplicity, one code, e.g., the mid-code has an error, such that the mid-code is

higher than the ideal value. Every time the quantizer (TDC) selects the mid-

code, the feedback will contain an error, which will be corrected by the loop. If

the feedback signal is higher than the ideal mid-code, then the modulator will

reduce the density of the mid-code to compensate. For this reason, a lookup

table that mimics the error in the DAC is needed, so that the output stream

accurately represents the input. In other words, due to the error feedback,

what appears at the output of the DAC and the output of the modulator need

to be the same so as to minimize the error. When the error is minimized, the

output represents the input.

Given, that the nonlinearity due to the DTC mismatch, may be can-

celled if the mismatch in the DTC is known, I demonstrate an estimation

algorithm is to find ✏[u]. Following, the estimation of ✏[u], the lookup Table

T (u) = u + ✏[u] is populated and the nonlinearity due to DTC mismatch is

cancelled.

The method used to estimate the DTC mismatch is loosely based on

[41]. Given the modulator has an input large enough to hit all of the 2NoB

codes, the estimation algorithm is the following:

1. Calculate X[k], the windowed-FFT of the modulator output (x[n]).
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2. Repeat the following for u 2
�
1, 2, . . . , 2NoB � 2

 

(a) Calculate Iu[k], the windowed-FFT of the event that the modulator

code equals u, i.e., 1(x[n] = u).

(b) Correlate a predetermined set of bins (k
1

, . . . , kj) from X[k] with

the same bins from Iu[k]. Call the result ✏[u].

(c) Where x(n) = u, replace x(n) with T (u) = u+ ✏[u].

Mathematically,

✏[u] =

Pkj
k=k1

{<(X[k]Iu[k]) + =(X[k]Iu[k])}
Pkj

k=k1
{<(Iu[k]Iu[k]) + =(Iu[k]Iu[k])}

(7.1)

where <(·) and =(·) denote the real and imaginary parts of the argument,

respectively.

In the case of a sinusoidal input, the predetermined set of bins (k
1

, . . . , kj)

can simply be chosen in a manner to remove the bins nears the input frequency.

In my analysis, I use bins that include the frequency range from 1.5fin till

fs/2/OSR.

7.2.1 Calibration of the First Generation ADC

Using the measured data of the first generation chip, the calibration

algorithm described above is performed to estimate and correct for the DTC

(DAC) element mismatch. The ADC performance with and without cali-

bration is compared. The uncalibrated and calibrated spectra are shown in
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