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CMOS Scaling of Digital Integrated Circuits
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« 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

* Analog circuits generally don’t scale like digital circuits

+ State-of-the art CMOS processes are digital-friendly,
but analog-hostile

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-to-Digital Converters
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* Antialiasing filter (ideally) enforces band-limitedness to BW
* Sampling is lossless if f, > 2 BW (Nyquist rate)
* Quantization is lossy, i.e. it adds noise
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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

Analog-to-Digital Converter Circuit and System Design
to Improve with CMOS Scaling

Sigma ADC
Architecture &
Modeling

Time-Based Delta

Two Prototype
ADC Chips

>

.

Nonlinearity
Estimation and
Correction

~

J

« Novel architecture with loop delay calibration

« Combines time-based information
processing & noise shaping

 Prototype chips demonstrate proof of concept
 Among smallest area in literature

* Up to 16 dB improvement in SNDR with digital
calibration

 Diagnostic tool for identifying linearity bottleneck
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Delta Sigma Modulation (DSM)

* |dea:
— start with low-resolution quantizer (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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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.

Analog Digital
Nonlinearity Inverse

- Example: / /

Dout Dout,corr
/ Vi
7 7
Parameters

System
ID

Modulation
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Thesis Statement

Architect low-area delta-sigma data converters
that scale with CMOS technology by replacing
voltage-domain with time-domain processing.
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Prior Art

 Voltage Controlled Oscillator (VCO)-Based Delta Sigma ADC
FD_WE

- Time-Based Delta Sigma ADCs

— Using asynchronous delta sigma modulator
— Time-to-Digital Converters (TDCs)
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-

VCO-Based Delta Sigma ADC

» Continuous-time integration (1/s) is inherent.

- Sampling VCO phase at periodic intervals gives quantized
phase.

» VCO nonlinearity (K, o) 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

STF ~ Kveo
NTF = 1-z"
Quantizing

VCO Register Differentiator
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Input = VCO Quantized Quantized

A
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Prior Art

- Time-Based Delta Sigma ADCs

— Asynchronous delta-sigma modulation b
[Dhanasekaran2009, I T e
Taillefer2009, A/\%M\N \ T
Daniels2010] u(t) + _ f _._y - y(t)

— Time Encoding Quantizer (TEQ)-based ADCs
[Prefasi2009]
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First Contribution

Time-Based Delta Sigma ADC
Architecture & Modeling

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



Time-Based Processing Encoding/Operands
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System Model

Voltage-to-Time Converter
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System Model

Digital-to-Time Converter
(DTC)
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System Model

Delay Control Unit (DCU)
and Excess Delay

ensure uniform sampling

by adjusting
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TDC/DTC

« TDC = Time-to-Digital Converter
- DTC = Digital-to-Time Converter
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Voltage-to-Time Converter/Adder

<
e
1
\/

Ramp VRamp_r
» o 2 Gon I

Vin E

Ramp
Gen

%_\/

fin I:

Background | Architecture | Prototypes | Nonlinearity | Conclusion



Simulink Modeling
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Simulink Modeling - DCU

D
resetb
o)
1 o\ +
P g —>> >
= rout
(2) e >
T—'_' fout
x \i/ lag
b
L p
4@ <
lead
Phase Detector
Excess Delay
il < /\: m:
[ @ @ D
lag lead |
1; a—( ") Q: Q: @

Background | Architecture | Prototypes | Nonlinearity | Conclusion



Simulink Modeling
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Role of DCU in Reducing Distortion

DCU Disabled DCU Enabled

Spectrum exhibits major harmonic distortion Spectrum is virtually distortion free
due to non-uniform sampling
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Role of DCU in Reducing Distortion

A T Histrogram (DCU Disabled) (std. dev. = 1.8e-07)
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Effect of DTC Element Mismatch
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Effect of TDC Element Mismatch
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Comparison of DTC/TDC Element Mismatch
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Second Contribution

Prototype ADC Chips

Image source: http://www.intel.de/content/www/de/de/cofluent/intel-cofluent-studio.htnﬁ9



First Generation Chip in TSMC 180nm

Sampling Time 4 KT, 4 ()T,
N

Ta N I I ‘\

Clk out

DTC/TDC (in TDC Phase)

VTC/Adder DCU DTC/TDC (in DTC Phase)
I I
VINREF ++e=- r fs rst . -
Vi coeee _J’ - QR .. 0 (fixed)
ral 1
Ramp Gen += | @ YHl gl | | - L Emmmm=mem=m—A e Dout[k-1]
/\ . Ph 0 1 2 - 6 7
/ | fS De::t%r V \ -
start leadJax S Uy ] |
' !
Legend FI |
lead,lag I
""" Vinaca L PP £ S PP i SR Y|
— Fall Pulse f < f
= = = Rise Pulse 4 Excess Delay 3

TSMC = Taiwan Semiconductor Manufacturing Company

Background | Architecture | Prototypes | Nonlinearity | Conclusion



First Generation Chip Details

Parameter Value Units
Process TSMC 180nm 6M 1P -
Supply Voltage (Vpp) 1.8 \Y%
Oversample Frequency (fs) 144 MHz
Quantizer (TDC) Number of Bits 3 bits
DAC (DTC) Number of Bits 3 bits
TDC LSB (A) 80 ps
Ld,VvTC/Adder 2.1 ns
Ld PhaseDetector 0.57 ns
ta,prc 1.24 ns
td ExcessDelay (Average) 2.8 ps
Area 0.0275 mm
Quantity || Value | Units
fs 144 | MHz
OSR 36 -
BW 2.0 MHz
Jin 146.1 | kHz
V;jn,pk—pk 400 mV
SNR 44.6 dB
SNDR 34.6 dB
THD -35.0 dB
ENoB 5.9 bits
Power 2.7 mW

Background | Architecture | Prototypes | Nonlinearity | Conclusion
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First Generation Chip Waveforms
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First Generation Chip Waveforms
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Second Generation Chi

p in IBM 45nm SOl

Parameter Value Units
Process IBM 45nm SOI 10M 1P -
Supply Voltage (Vpp) 1.8/1.0 Vv
Oversample Frequency ( f5) 640 MHz
Quantizer (TDC) Number of Bits 4 bits
DAC (DTC) Number of Bits 4 bits
TDC LSB (A) 15.8 ps
14,vTC/Adder 714 ps
td,PhaseDetector 116 ps
ta,pTC 302 ps
td ExcessDelay (Average) 400 ps
Area 0.0192 mm?

Quantity || Value | Units

fs 705 | MHz
OSR 36 -
BW 9.8 MHz

fin 500 kHz

‘/in,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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Second Generation Chip in IBM 45nm SOl
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Second Generation Chip in IBM 45nm SOl
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Test Setup
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Comparison Table

Gen1 Gen2
Parameter Value Value Units
Process TSMC 180nm 6M 1P | IBM 45nm SOI 10M 1P -
Supply Voltage (Vpp) 1.8 1.8/1.0 \Y
Oversample Frequency (fs) 144 640 MHz
Quantizer (TDC) Number of Bits 3 4 bits
: DAC (DTC) Number of Bits 3 4 bits
DeSIQn (TDC) LSB (A) 80 15.8 ps
Parameters L0 Ao 51 11 D
td,PhaseDetector 0.57 116 ps
taprc 1.24 302 ps
td FxcessDelay (Average) 2.8 400 ps
Area 0.0275 0.0192 mm?
fs 144 705 MHz
OSR 36 36 -
BW 2.0 9.8 MHz
Jin 146.1 || 500 | kHz
Measured Vinpk—pe || 400 || 600 | mV
Results SNR 44.6 41.2 dB
SNDR 34.6 37.5 dB
THD -35.0 6 bits
ENoB 5.9 -39.6 dB
Power 2.7 8.0 mW
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Analog-to-Digital Converter Area Comparison
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B. Murmann, "ADC Performance Survey 1997-2015," [Online].
Available: http://web.stanford.edu/~murmann/adcsurvey.html.
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Third Contribution

Nonlinearity Calibration

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



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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ENoB 5.9 7.2 1.7 7.2 bit



First Generation Chip Calibration
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Second Generation Chip Calibration

Amplitude (dBFS)
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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 SOl

» Contribution 3:
Analyze and mitigate major nonlinearity
— Estimate element mismatch coefficients
— Perform digital post-correction

Background | Architecture | Prototypes | Nonlinearity | Conclusion
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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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Questions?



Element Mismatch Estimation

1. Calculate X[k], the windowed-FFT of the modulator output (z[n]).
2. Repeat the following for v € {1,2,...,2V°8 — 2}
(a) Calculate I,[k], the windowed-FFT of the event that the modulator
code equals u, i.e., 1(z[n] = u).

(b) Correlate a predetermined set of bins (ky,...,k;) from X[k] with

the same bins from [,[k]. Call the result €[u].

(c) Where z(n) = u, replace x(n) with T'(u) = u + €[u].

Mathematically,

Sy ARX[KILL[K]) + S(X k] L[K])}
S AR K] LK) + S(L[K]L[K)}

where R(-) and (-) denote the real and imaginary parts of the argument,

(7.1)

elu] =

respectively.
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