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Introduction
n Silicon technologies have been constantly progressing but will never satisfy 

demands of performance in HEP projects, so currently available 
technologies can always be considered low tech. 

n FPGA can be considered low tech comparing with ASIC for TDC 
implementation.
q Delay line based TDC was developed in ASIC in 1990’s.
q The TDC was transplanted into FPGA in 2000 to 2010 with simplifications.
q FPGA TDC tricks are transplant back to ASIC.

n Timing uncertainty confinement is a necessary practice for good TDC 
implementation.

n Power saving can be achieved with operation reduction practices including 
event triggering using gated ring oscillator. 
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Resource Usage Awareness
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New Tech and Resources

n N: number of gates; C1: average capacitance of each gate; V: voltage; f: frequency.
n New technology reduces C1 and V and increases maximum f.
n As technologies progress, higher rate of operations become affordable with same P.

P = N*C1*(V^2)*f

C1*(V^2)

f

N

Number of Operations/second = N*f
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Silicon Area and Frequency

n One may duplicate functional blocks to handle high operation rate.
n One may also use higher operating frequency to save silicon area and to reduce cost.
n The power consumption will remain the same.

P = N*C1*(V^2)*f Number of Operations/second = N*f

f1

N1

f2

N2
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Resource Saving in Given Task

n Large number of operations may not be necessary.
n Eliminating unnecessary operations can reduce power consumption.
n Eliminating unnecessary functional blocks can reduce cost as well as develop time.

f

N
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Resource Saving in a Broader View, an Example

n Pulse shape digitization is needed for many applications.
n The raw ADC samples represents large data volume.
n The data can be compressed using a very simple lossless scheme.
n Buffer storage, transmission bandwidth are significantly reduced 

after compression. 
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TDC: From ASIC to FPGA and Back to ASIC
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Delay Line Based TDC

n The input signal propagates in the delay chain.
n The “snapshot” is taken into the register array.
n The position of the signal transition is encoded 

into arrival time relative to the CLK. 

IN

CLK
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Mainstream ASIC TDC in History (& Today)

n A fast clock (e.g. 320 MHz) is 
sent to the delay chain.

n The delay cells are adjusted to 
match the clock period.

n The outputs of the delay taps 
are routed to a set of FF 
registers.

n The leading edge of the HIT 
signal captures the delay 
pattern.
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Good Things in ASIC But Not in FPGA

n The phase detector, charge pump 
and voltage-controlled delay cells 
are available in ASIC but difficult to 
implement in FPGA.

n Pro:
n The delay cells are adjusted to a 

known speed. (e.g., 100 ps/tap)
n Con: 

n The delay cells are slowed 
down, rather than running at 
the full speed.

n Charge pump consumes extra 
power.

V
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Un-adjustable Delay Lines FPGA

IN

CLK

N2-N1=(1/f)/Dt

1/f: Clock Period
Dt: Average Bin Width

n For each input, make two measurements.
n The extra measurement can be used to calibrate temperature 

variation as well as increase measurement precession.
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Temperature and Power Supply Voltage Calibration

n Temperature and power supply voltage will 
cause the delay cell speed change.

n With multiple measurements, the variation can 
be corrected.

n The delay cell always run at full speed rather 
than being slowed down.

TDC Output at Different PS Voltage
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FPGA TDC

n The delay chain is implemented using carry 
chain inside FPGA.

n Today FPGA TDC precision is better than 
20 ps, some high-end ones better than 6 ps.
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Transplanting Back to ASIC TDC

n The delay chain is not controlled so that it runs at full speed.
n Temperature variations and uneven width of the bins are 

corrected in digital domain.
n Two samples also help improving measurement precision.
n Note that the delay cells are inverting NAND gates with single 

gate delay (17 ps in 65 nm Technology).
n No hit no flip: very low power consumption.

n It works.
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Histogram
n The measurements are taken at 

room temperature and under 
hair dryer blow.

n The temperature variation can 
be corrected.

n Extra samples helps improving 
measurement precision.

High 
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Room 
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Two Single Peaks:
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Two Samples Averaged:
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Uneven Bin Width

n Another disadvantage of FPGA 
delay line is that the bin widths are 
uneven due to the carry chain 
structure and clock region.

n Bin-by-bin calibration is usually 
necessary for high-end TDC 
implementation.

n With bin-by-bin calibration, all bin 
widths are known and the time value 
at the center of each bin is the best 
estimate of the measurement.
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Equivalent Bin Width

n To compare digitizers with uneven bin widths, a concept 
called “equivalent bin width” is defined.

n The equivalent bin width is NOT a regular average bin 
width.

n Both bin width and probability of falling into the bin are 
considered while calculating contribution of a bin to the 
measurement error.
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Ultra-wide Bins and Multiple Measurements

n The ultra-wide bins contribute to measurement errors significantly.
n Using multiple measurements may cut ultra-wide bins and 

improves measurement performance.
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Wave Union
Launcher A
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Wave Union TDC (A Type)

n Wave Union TDC is a method of make 
multiple measurements.

n In Wave Union TDC, a Wave Union, rather 
than just a single logic transition in regular 
TDC is launched in the delay line.

In

CLK

1: Unleash0: Hold



Wave Union
Launcher B
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Wave Union TDC (B Type)

n The Wave Union Launcher can also be a gated ring oscillator.
n Many “snapshots” can be taken.

In

CLK

1: Oscillate0: Hold
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External Wave Union Launcher

n An external Wave Union Launcher can be added to any multi-hit TDC.
n Measurement precisions can be improved with minimum efforts.

3596 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 61, NO. 6, DECEMBER 2014

Fig. 4. Wave Union TDC. (a) Schematic of the external wave union launcher.
(b) Test results of the Wave Union TDC.

There were also two user-select modes of multi-hit elimina-
tion: “non-updating mode” and “updating mode.” The user-se-
lect multi-hit elimination time window began immediately after
the first hit. In the non-updating mode, a constant duration of
the multi-hit elimination window was set, during which the re-
ceived hits were not recorded. On the other hand, the multi-hit
elimination windowwas re-initiated in the updating mode if any
hit was received. That means that the multi-hit elimination time
window was extended because the TDC received more hits than
expected in the multi-hit elimination time window.

F. Test of the External Wave Union Launcher

A wave union launcher created a pulse train so that the TDC
could perform multiple measurements to achieve better preci-
sion. Wave union launchers implemented inside the FPGA re-
quires careful redesign of the TDC firmware. Below we demon-
strate how to implement theWave Union TDC using an existing
multi-hit TDC without changing FPGA firmware. The launcher
was configured by the most common NIM modules available
for high energy experiments. This method is very helpful for
saving money and time when one needs to achieve better time
precision.
The launcher was constructed with a LeCroy 429 A

logic-fan-in/out unit and an open-ended delay cable; the
LeCroy 429 A logic-fan-in/out unit served as a T-connection to
the main line as shown in Fig. 4(a). When a pulse was sent into
the unit, a double pulse was generated due to cable reflection.
The TDC recorded four transition times of both the rising and
falling edges of the two pulses for each input event. Two wave
union launchers generated two double pulses, which were fed
into two sets of TDC channels, with 8 channels per set for
digitization.
Test results of the Wave Union TDC are shown in Fig. 4(b).

Arbitrary offsets were added to these histograms so that they
could be plotted together. These histograms represented the

same data but were analyzed by different methods. The distribu-
tions of the time difference of the two leading edges (T1A-T1B)
were plotted in the two left-most histograms. The ones marked
with “BeforeCali” and “AfterCali” were the results before and
after a bin-by-bin calibration, respectively. These results were
done with the measurement of a single transition edge.
With more wave union edges used for time digitization, the

measurement precision was improved. The histogram marked
with “NEdges” represents the difference of the average times
of two trailing edges ,
and similarly “PEdges” represents

. The leading edges had a faster propagation speed in
the TDC delay line, and therefore their measurement precision
was better than that of the trailing edges. The “AllEdges” his-
togram includes all four edges in the average ((

and had
a better measurement precision, as expected. This simple four-
edge wave union TDC improved the measurement precision
from about 200 ps to 108 ps without any change in the TDC
firmware or any significant increase of system cost.
The histograms marked with “WU_Ave” and “WU_LUT”

were results of combining data from all 16 channels (8 channels
per set). Both methods used the difference between the averages
of each set, as in Table I. For each channel, WU_Ave took an
average of 4 hits of both signal and trigger hits, and a 69.77 ps
time resolution was achieved. Reference [14] pointed out the
look-up-table (LUT) method, which may improve the calibra-
tion. WU_LUTwas made by a 2048-value look-up-table, which
was made by 11 bits (Table II). In Table II, the indicated the
fine-time value of first hit, and the indicates the coarse-time
value of the second hit, etc. The summation of the fine time of 4
hits was recorded in the first 5 binary bits (0–4). The summation
of the result of the coarse time of first hit subtracted from each
coarse timewas recorded in the binary bits (5–10). A 2048-value
look-up-table for a calibration of each bin size was made. By av-
eraging both signal and trigger hits, a 69.15 ps time resolution
was achieved.

IV. RESULTS OF PERFORMANCE
Before the installation of 93 TDC modules in the experi-

ment, we did a series of systematic production tests. A DAQ
system was built based on “CODA” [15], which was the DAQ
framework developed for the experimental physics program
at JLab, USA, and also was the main DAQ system in the
SeaQuest experiment. A CAEN V1495 board was programmed
as a pulser to produce the signals for the production test. The
40MHz clock on the V1495 board was converted into 137MHz
( ) to drive all counters in the FPGA (7.2917 ns). The
frequency did not match any frequency running on the TDC
module, so we could use it as random hits in some tests. The
DAQ system recorded TDC hits as an event. We repeated these
tests for 2000–78 000 events to check for the reproducibility.
All 93 TDC modules passed all the production tests.

A. Crosstalk
For the crosstalk test, signals out of phase by one clock cycle

were sent to the TDC channels sequentially. For instance, the
pulser gave a signal to channel #1, and after 14.5834 ns, the
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Timing Uncertainty Confinement
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“Outlier”
n New TDC designers may see “outlier” 

issue, i.e., ghost peaks +- 32 (64) bins.
n The “outlier” issue is due to timing 

uncertainty while capturing coarse time 
when “Hit” is fed to the CK port of the 
D-FF.

n There are solutions, but the whole 
issue can be avoided from beginning.

Hit to the CK port
Timing uncertainty 

while capturing 
coarse time
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Coarse Time Counter in FPGA TDC

n The FPGA structure forced designers to 
feed CLK into the CK port of the D-FF.

n Timing uncertainty is confined at the 
input of the register array.

n The coarse time counter timing 
condition is satisfied automatically.

Coarse
Time

Counter

Fine
Time

Encoder

In

RAM

CLK

WR

Fine
Time

Coarse
Time

Data
Valid

Hit Detect Logic
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Gray Code Counter?
n Some low resolution TDC may use Gray 

Code Counter.
n All bits must be distributed with good 

delay match and the output results must 
be translated.

n With small circuit adjustment to confine 
the timing uncertainty, many things are 
simplified.

Gray
Code

Counterf

+
CMP

-

Register

+
CMP

-

Register

L

Timing
Uncertainty

Binary
Counter

+
CMP

-
Hold

f

J

Timing 
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Counter-Based TDC

n The counter-based TDC may be 
further improved by sampling both 
clock edges.

n With the same resolution, the clock 
frequency can be reduced by 1/2 
which reduces power consumption 
accordingly.

Binary
Counterf/2

+
CMP

-
Hold



Power Saving Approaches
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Power Consumption Matters

//

n Inside Highly Packed Detector
n Under Water
n In Liquid Argon
n Portable Devices
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Power Consumption at CK Port

n The CK ports of D-flip-flop consume large 
amount of power if they are connected to a 
continuous clock signal.

n It would be ideal if the CK ports of DFF for 
wide data bus can be kept static most of time 
while only be driven when the data are to be 
processed.

CK40

Clock: 40 MHz
32 bits
65 nm
P: 100 uW

IN

DI

CK

DATAOUT
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Inspiration From Old Tech

n In LP records, sounds are stored in grooves with different pitches.
n Quieter sounds use finer pitch to save disc area resource.
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The LP Record Cutting Scheme

n Header A detects higher 
amplitude.

n Motor M rotate faster.
n Cutter C moves faster so 

that the groove pitch 
becomes wider.

n Louder sounds picked up 
by header B are sent to 
cutter C to be stored in the 
wider pitch grooves. 

AB

M
C
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Self Triggering TDC

-
CMP
+

IN

VT
REG_TDC CH0

Input
Active

Counter Ring Oscillator

Local
Time

Counter

REG_TDC CH1

REG_TDC CH2

n When there is no hit, nothing oscillates so that dynamic power 
consumption is zero.

n When an input burst starts, the gated ring oscillator runs for 
certain period and the input pulse times are digitized.

n The data are concentrated and output.

Hold & Pass
Register

Hold & Pass
Register

Hold & Pass
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Data Word
Packaging
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CK

IN

DI

CK
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Test Waveform

Input Burst

Timing Markers

Internal
Counter 
Bit
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Test Waveform (2)

Input Burst

Data 
output
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An Example: The Time Over Oscillating Threshold (TOOT)

In
Vout

-
+
HYS

n When the input is below threshold, entire circuit is quiet.
n When an input pulse passes through the threshold, the comparator flips.
n The threshold ramps causing the comparator to oscillate.
n From times of the transitions, the pulse shape can be reconstructed.
n Digitized results includes not only pulse arrival time, but also pulse 

shape and total charge etc.

TDC

IN

VOUT

CK

DATAOUT
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Another Example: TDC with Built-In GRO 

n The delay chain is looped back to create a gated ring oscillator.
n This scheme shortens the delay chain/register array structure.
n No-hit-no-flipping, the power consumption is small when the hit rate is low.
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Building Element: Purely Digital Adjustable Ring Oscillator

n Ring oscillator frequencies may need to be adjusted.
n There are analog adjustment approaches but there are also purely digital ones.
n Oscillation frequency can be adjusted with different setting of B2 to B16 so that 

the delay elements can be included or excluded.

G

U1

B2

16

B4B8B16

8 4 2
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Test in FPGA

n Implemented in 
Cyclone V 
FPGA.

n Run with an 
evaluation 
module.

Date: July 14, 2020 RO1a.bdf Project: C5G2017simple 

Page 1 of 1 Revision: C5G2017simple 

OscEN

CKD2

B[3..0] nB[3..0]

nB[3]

vvv[127..0]

zzz[127..0]

nB[0]

B[0]

nB[1]

B[1]

nB[2]

B[2]

B[3]

VCCOscEN INPUT

VCCB[3..0] INPUT

CK1OUTPUT

CKD2OUTPUT

NOT

inst11

AND2

inst30

LCELL

instA1

OR2

inst6

LCELL

instM2

OR2

inst9

AND2

inst15

LCELL

instM3

LCELL

instD90

LCELL

instD91

LCELL

instD92

LCELL

instD93

LCELL

instD94

LCELL

instD95

LCELL

instD96

LCELL

instD97

NOT

inst12

LCELL

instD80

LCELL

instD81

LCELL

instD82

LCELL

instD83

LCELL

instD84

LCELL

instD85

LCELL

instD86

LCELL

instD87

V
C
C

G
N
D

LCELL

instM22

LCELL

instD0

OR2

inst

AND2

inst2

LCELL

instM0

AND2

inst13 OR2

inst3

AND2

inst5

LCELL

instM1

AND2

inst14

LCELL

instD10

LCELL

instD11

AND2

inst8

LCELL

instD20

LCELL

instD21

LCELL

instD22

LCELL

instD23

AND2

inst16

AND2

inst17

LCELL

instD33

LCELL

instD32

LCELL

instD30

LCELL

instD31

LCELL

instD34

LCELL

instD35

LCELL

instD36

LCELL

instD37



Apr. 2020, Wu Jinyuan, Fermilab jywu168@fnal.gov Topics on Digital Domain Design & Tests 40

Test Results

n Frequency can be adjusted with delay line length setting bits.
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Frequency Stability

n Frequencies are measured over > 300 sec.
n The stability is better than 124 ppm (sigma) even in noisy FPGA environment.



Summary
n It is very common that a device with top technology is not available 

or even the top tech device will not satisfactory for our demand.
n In our daily design jobs, there are rooms for the designers to put in 

various good thinking to eliminate unnecessary elements or 
operations to save silicon resource.

n Saving silicon resource will dramatically reduce chip size, power 
consumption and costs for given requirements.  

n Such improvements may enable functionalities that otherwise would 
be impossible.
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The End

Thanks
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Circular Buffer Writing Operation
n The TDC generates 1-bit hit flag and about 30 

bits of time data every clock cycle.
n A circular buffer is used to store hit flag and 

data to wait for level 1 trigger.
n The HF1 must be written into circular buffer 

every clock cycle, but the 30-bit data is only 
valid when HF1 = 1, which happens <1% of 
the cycles.

n Toggling the CK port of the RAM at 40 MHz 
consumes large amount of power.

n It is ideal to generate the data writing clock 
CKW1 after seeing HF = 1.

HF

CKW1

TD

TDC

HF

Circular
Buffer

Buffer
Write CTRL

CK40

HF1

TD1

CKW1

TD

HF1

TD1
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Mainstream ASIC TDC in History (& Today)

n A fast clock (e.g. 320 MHz) is sent to the delay chain.
n The delay cells are slowed down (to about 100 ps) so that the delay 

time of 32 cells matches a clock period.
n The outputs of the delay taps are routed to a set of FF registers.
n The leading edge of the HIT signal captures the delay pattern.


