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 TDC resolution given by the propagation 
delay of the elementary cell: 

Delay Line TDC
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 Majority of modern TDCs is based on some 
version of a delay-line structure: 

 Basic element: Delay Cell

 Simple Logic Cell:

o Frequently used 
in PLL VCOs and 
some DLLs

o Consumes Static 
Bias Current

 Voltage-Controlled Delay Cell:
• Current starved:

 Digitally-Controlled 
Delay Cell:

• Shunt capacitor:

• Differential delay cell with symmetric 
loads (Maneatis cell [1]):

o Used in FPGA 
TDCs

o Requires 
constant 
calibration

[1] J. G. Maneatis, “Low-jitter process-
independent DLL and PLL based on self-biased 
techniques,” IEEE J. Solid-State Circuits, vol. 31, 
no. 11, pp. 1723–1732, Nov. 1996.

Delay 
controlled 
thru current

Delay 
controlled 
thru load

Minimum delay limited by fastest achievable 
logic propagation delay in target technology

𝑳𝑳𝑳𝑳𝑳𝑳𝑻𝑻𝑻𝑻𝑻𝑻 = 𝒕𝒕𝒑𝒑
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Vernier Delay Line TDC
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STOP
𝒕𝒕𝒑𝒑_𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 𝒕𝒕𝒑𝒑_𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 𝒕𝒕𝒑𝒑_𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 𝒕𝒕𝒑𝒑_𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇

𝒕𝒕𝒑𝒑_𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒕𝒕𝒑𝒑_𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒕𝒕𝒑𝒑_𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒕𝒕𝒑𝒑_𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒕𝒕𝒑𝒑_𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

START

 What if resolutions lower than minimum propagation delay is required? → Vernier Delay Line

 START signal propagates in the Slow Delay Line (𝑡𝑡𝑝𝑝_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 > 𝑡𝑡𝑝𝑝_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)
 STOP signal propagates in the Fast Delay Line

• The START pulse comes first and initializes the TDC operation.
• The STOP pulse follows the START with a delay that represents the

time interval to be digitalized.
• At each tap of the Delay Line the STOP signal catches up to the

START signal by the deference of the propagation delays of cells in
Slow and Fast branches, i.e., 𝑡𝑡𝑝𝑝_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑡𝑡𝑝𝑝_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 represents the LSB of
time measurement.

• The number of cells necessary for STOP signal to surpass the START
signal represents the result of TDC conversion.

𝑳𝑳𝑳𝑳𝑳𝑳𝑻𝑻𝑻𝑻𝑻𝑻 = 𝒕𝒕𝒑𝒑_𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 − 𝒕𝒕𝒑𝒑_𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇

Compare to the simple Delay Line, Vernier Delay Line allows for TDC resolutions 
below the minimum logic propagation delay in the technology but suffer from 
higher power and area consumption and slower conversion times. 

Characterizing the propagation delay in the technology 
necessary for defining the TDC architecture 
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Testbench

Delay Line Test Structure:

L=30n L=35n L=40n L=50n

Nf=1

Nf=2

Nf=4

Nf=8

W=135n

W=100n

𝒕𝒕𝒑𝒑 - Cell Propagation Delay

Extraction: Calibre PEX
• M1 – Signal Connections
• M2 – VDD & GND planes covering the cells

Simulations: Spectre
• SCH – Schematic
• RCX – Parasitic Extracted

Total Number of Views: 4x4x3x2 = 96 
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SVT Propagation Delay: HL / LH VS Corners

50%

50%

𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑

50%

50%

𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑

× ~𝟐𝟐

≈
𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑, 𝑺𝑺𝑺𝑺𝑺𝑺 𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑, 𝑺𝑺𝑺𝑺𝑺𝑺

𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑, 𝑹𝑹𝑹𝑹𝑹𝑹 𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑, 𝑹𝑹𝑹𝑹𝑹𝑹

𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑~𝟑𝟑. 𝟓𝟓𝟓𝟓𝟓𝟓

𝒕𝒕𝒑𝒑𝑹𝑹𝑹𝑹𝑹𝑹~𝟕𝟕𝟕𝟕𝟕𝟕
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SVT Propagation Delay – Monte Carlo: HL / LH

𝝈𝝈𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑 , 𝑹𝑹𝑹𝑹𝑹𝑹 𝝈𝝈𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑 , 𝑹𝑹𝑹𝑹𝑹𝑹

× ~𝟐𝟐

≈
𝝈𝝈𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑 , 𝑺𝑺𝑺𝑺𝑺𝑺 𝝈𝝈𝒕𝒕𝒑𝒑𝒑𝒑𝑯𝑯 , 𝑺𝑺𝑺𝑺𝑺𝑺

𝝈𝝈𝒕𝒕𝒑𝒑𝑺𝑺𝑺𝑺𝑺𝑺~𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏

𝝈𝝈𝒕𝒕𝒑𝒑𝑹𝑹𝑹𝑹𝑹𝑹~𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑

Settings:

• Global Corner + 
Local  MC

• 5 corners:

 TT, 0.9V, 27°C
 SS, 0.9V, 27°C
 FF, 0.9V, 27°C
 FS, 0.9V, 27°C
 SF, 0.9V, 27°C

• N° of runs per 
corner: 200
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SVT Current Consumption: Leakage / Dynamic@1MHz

÷ ~𝟏𝟏. 𝟔𝟔
÷ ~𝟐𝟐. 𝟏𝟏

× ~𝟐𝟐. 𝟏𝟏
× ~𝟏𝟏. 𝟔𝟔

𝑰𝑰𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍, 𝑺𝑺𝑺𝑺𝑺𝑺 𝑰𝑰𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅, 𝑺𝑺𝑺𝑺𝑺𝑺

𝑰𝑰𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍, 𝑹𝑹𝑹𝑹𝑹𝑹 𝑰𝑰𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅, 𝑹𝑹𝑹𝑹𝑹𝑹
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SVT Propagation Delay VS corners, VDD, temp

𝒕𝒕𝒑𝒑 =
𝒕𝒕𝒑𝒑𝒑𝒑𝑳𝑳 + 𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑

𝟐𝟐

• Best Case (Fastest):
FF @ VDD=1V & -40°C

• Worst Case (Slowest):
SS @ VDD=0.8V & -40°C

𝒕𝒕𝒑𝒑, 𝑹𝑹𝑹𝑹𝑹𝑹
TT, SS, FF, FS, SF

VDD = ‐‐‐ 0.8V, — 0.9V, ―‐ 1V

temp = ● -40°C, ⨯ 27°C, ▲ 125°C
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SVT Propagation Delay VS corners, VDD, temp

𝒕𝒕𝒑𝒑 =
𝒕𝒕𝒑𝒑𝒑𝒑𝑳𝑳 + 𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑

𝟐𝟐

• Best Case (Fastest):
FF @ VDD=1V & -40°C

• Worst Case (Slowest):
SS @ VDD=0.8V & -40°C

𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾
𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻

~𝟏𝟏. 𝟗𝟗

𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝒆𝒆
𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝒍𝒍

~𝟎𝟎. 𝟔𝟔𝟔𝟔

𝒕𝒕𝒑𝒑

𝒕𝒕𝒑𝒑@𝑻𝑻𝑻𝑻,𝟎𝟎.𝟗𝟗𝟗𝟗,𝟐𝟐𝟐𝟐℃
, 𝑹𝑹𝑹𝑹𝑹𝑹
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SVT Propagation Delay VS corners, VDD, temp

VDD = 0.8V, TT, SS, FF

VDD = 0.9V, TT, SS, FFVDD = 1V, TT, SS, FF • Very small variation 
with temperature 
(especially at 
VDD=0.9V)

• At VDD = 0.8V, the 
delay is higher for 
lower temperatures (?)

⨉ 27°C
▲ 125°C

● − 40°C

⨉ 27°C
▲ 125°C

● − 40°C

▲ 125°C
⨉ 27°C
● − 40°C

⨉ 27°C
▲ 125°C

● − 40°C
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Propagation Delay: SVT, LVT, HVT

𝑺𝑺𝑺𝑺𝑺𝑺
𝑳𝑳𝑳𝑳𝑳𝑳
𝑯𝑯𝑯𝑯𝑯𝑯

𝒕𝒕𝒑𝒑, 𝑹𝑹𝑹𝑹𝑹𝑹
𝒕𝒕𝒑𝒑

𝒕𝒕𝒑𝒑@𝑺𝑺𝑺𝑺𝑺𝑺
, 𝑹𝑹𝑹𝑹𝑹𝑹

- - -◼ 𝑺𝑺𝑺𝑺; 𝑽𝑽𝑽𝑽𝑽𝑽 = 𝟎𝟎. 𝟖𝟖𝟖𝟖; 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 = −𝟒𝟒𝟒𝟒𝟒C
— ● 𝑻𝑻𝑻𝑻; 𝑽𝑽𝑽𝑽𝑽𝑽 = 𝟎𝟎. 𝟗𝟗𝟗𝟗; 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 = 𝟐𝟐𝟐𝟐°C
―‐‐⨉ 𝑭𝑭𝑭𝑭; 𝑽𝑽𝑽𝑽𝑽𝑽 = 𝟏𝟏𝟏𝟏; 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 = −𝟒𝟒𝟒𝟒°C
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Propagation Delay – Monte Carlo: SVT, LVT, HVT

𝝈𝝈𝒕𝒕𝒑𝒑, 𝑹𝑹𝑹𝑹𝑹𝑹 ⁄𝝈𝝈𝒕𝒕𝒑𝒑 𝝈𝝈𝒕𝒕𝒑𝒑@𝑺𝑺𝑺𝑺𝑺𝑺 , 𝑹𝑹𝑹𝑹𝑹𝑹

𝝈𝝈𝒕𝒕𝒑𝒑 = 𝝈𝝈𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑
𝟐𝟐 + 𝝈𝝈𝒕𝒕𝒑𝒑𝒑𝒑𝒑𝒑

𝟐𝟐

𝝈𝝈𝒕𝒕𝒑𝒑

𝝁𝝁𝒕𝒕𝒑𝒑

, 𝑹𝑹𝑹𝑹𝑹𝑹
�⁄𝝈𝝈𝒕𝒕𝒑𝒑 𝝁𝝁𝒕𝒕𝒑𝒑 ⁄𝝈𝝈𝒕𝒕𝒑𝒑 𝝁𝝁𝒕𝒕𝒑𝒑 @𝑺𝑺𝑺𝑺𝑺𝑺

, 𝑹𝑹𝑹𝑹𝑹𝑹

𝑺𝑺𝑺𝑺𝑺𝑺
𝑳𝑳𝑳𝑳𝑳𝑳
𝑯𝑯𝑯𝑯𝑯𝑯
- - -◼ 𝑺𝑺𝑺𝑺; 𝑽𝑽𝑽𝑽𝑽𝑽 = 𝟎𝟎. 𝟖𝟖𝟖𝟖; 𝑻𝑻 = −𝟒𝟒𝟒𝟒𝟒C
— ● 𝑻𝑻𝑻𝑻; 𝑽𝑽𝑽𝑽𝑽𝑽 = 𝟎𝟎. 𝟗𝟗𝟗𝟗; 𝑻𝑻 = 𝟐𝟐𝟐𝟐°C

―‐‐⨉ 𝑭𝑭𝑭𝑭; 𝑽𝑽𝑽𝑽𝑽𝑽 = 𝟏𝟏𝟏𝟏; 𝑻𝑻 = −𝟒𝟒𝟒𝟒°C

[%]

•
𝝈𝝈𝒕𝒕𝒑𝒑

𝝁𝝁𝒕𝒕𝒑𝒑
similar (+27%, -15%) 

for SVT, LVT and HVT 
structures

Settings:

• Global Corner + Local  MC

• 5 corners:

 TT, 0.9V, 27°C
 SS, 0.8V, -40°C
 FF, 1V, -40°C

• N° of runs per corner: 500
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Leakage Current: SVT, LVT, HVT

𝑰𝑰𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍, 𝑹𝑹𝑹𝑹𝑹𝑹
𝑰𝑰𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍

𝑰𝑰𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍
, 𝑹𝑹𝑹𝑹𝑹𝑹

∗ 𝒍𝒍𝒍𝒍𝒍𝒍 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 ∗ 𝒍𝒍𝒍𝒍𝒍𝒍 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

𝑺𝑺𝑺𝑺𝑺𝑺
𝑳𝑳𝑳𝑳𝑳𝑳
𝑯𝑯𝑯𝑯𝑯𝑯

- - -◼ 𝑺𝑺𝑺𝑺; 𝑽𝑽𝑽𝑽𝑽𝑽 = 𝟎𝟎. 𝟖𝟖𝟖𝟖; 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 = −𝟒𝟒𝟒𝟒𝟒C
— ● 𝑻𝑻𝑻𝑻; 𝑽𝑽𝑽𝑽𝑽𝑽 = 𝟎𝟎. 𝟗𝟗𝟗𝟗; 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 = 𝟐𝟐𝟐𝟐°C
―‐‐⨉ 𝑭𝑭𝑭𝑭; 𝑽𝑽𝑽𝑽𝑽𝑽 = 𝟏𝟏𝟏𝟏; 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 = −𝟒𝟒𝟒𝟒°C
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Dynamic Current @1MHz: SVT, LVT, HVT

𝑰𝑰𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅, 𝑹𝑹𝑹𝑹𝑹𝑹
𝑰𝑰𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅

𝑰𝑰𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅@𝑺𝑺𝑺𝑺𝑺𝑺
, 𝑹𝑹𝑹𝑹𝑹𝑹

• Dynamic consumption very 
similar (+5%, -4%) for SVT, 
LVT and HVT structures

𝑺𝑺𝑺𝑺𝑺𝑺
𝑳𝑳𝑳𝑳𝑳𝑳
𝑯𝑯𝑯𝑯𝑯𝑯

- - -◼ 𝑺𝑺𝑺𝑺; 𝑽𝑽𝑽𝑽𝑽𝑽 = 𝟎𝟎. 𝟖𝟖𝟖𝟖; 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 = −𝟒𝟒𝟒𝟒𝟒C
— ● 𝑻𝑻𝑻𝑻; 𝑽𝑽𝑽𝑽𝑽𝑽 = 𝟎𝟎. 𝟗𝟗𝟗𝟗; 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 = 𝟐𝟐𝟐𝟐°C
―‐‐⨉ 𝑭𝑭𝑭𝑭; 𝑽𝑽𝑽𝑽𝑽𝑽 = 𝟏𝟏𝟏𝟏; 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 = −𝟒𝟒𝟒𝟒°C
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DCVSL Delay Cell

 Differential Cascode Voltage Switch Logic 
(DCVSL) Implementation: 

× ~𝟑𝟑. 𝟓𝟓
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