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Abstract

In this study, a novel approach in the design of a sub-picosecond time-to-voltage converter (TVC) based on the phenomenon of
metastability in a bi-stable element is presented. The proposed TVC is a modified form of a TDC such that the timing information is
transformed to a voltage directly without digitization. The measurement circuit is compact enough to be implemented on the chip. This,
in turn, reduces the possibility of environmental noise interference. A detailed description of the time voltage conversion property is
discussed. Simulations suggest that the time voltage converter can be designed for converting large gains with short input dynamic
ranges which could be very useful in jitter measurement, especially in modern aggressive design styles where the resolution requirements
on such measurements is in the picosecond range. Moreover, some figures of merit and performance parameters are introduced along
with a discussion on some of the trade-offs involved in the design of the proposed TVC.
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INTRODUCTION

With rapid scaling and developmentin CMOS technology
striving towards anincreasein speed, higher performance and
greater miniaturisation, even low levels of noise and signal
interference such as cross talk, switching noise and substrate
coupling become significant detrimental factors in signal
integrity and have a severe impact on performance,
consequently requiring the need for sophisticated signal
processing techniques.

Time-to-digital converters (TDCs) present numerous
advantages over conventional analog-to-digital converters
(ADC's). The TDCs can offer greater immunity to noise and
interference, wider dynamic range, process scalability as well
as simplicity in design and integration'. Some important
applications of TDCs are in time-of-flight (TOF) laser radars
for distance and velocity measurements?, RF synthesisers?,
calibration of automatic test equipment systems?,
telecommunication applications such as PM and FM
demodulatorsand a broad spectrum of emerging applications
such as digital storage oscillators®. Nonetheless, quite a
number of applications are more challenging than others,
consequently demanding uncompromising requirements on
TDC designs. For example, on-chip jitter and delay
measurement of a circuit requires ingenuity to obtain high
resolution and precision of the timing quantities to be
measured on-chip®?®,

Possibly the oldest and simplest TDC design is the single
counter TDC implementation. This converter operates by
counting the total number of clock cycles allocated in the time
interval set between the START and STOP signals. This method
is most often utilised as a supplementary block to higher
resolution TDC systems to allow coarse measurements and
expand the input dynamic range. An additional simple TDC
design is the cyclic pulse-shrinking TDC. This type of converter
measures the width of an incoming pulse by making use of a
pulse-shrinking element. A simple example of this is the chain
of inverters suggested in Tisa et a/°.

One particular problem with this type of design is the
associated long measurement dead time, considering that the
measurement of the incoming pulse width is directly
dependent on the number of cycles in the loop. Even though
this implies an almost unlimited input dynamic range, dead
times could become progressively more notable for larger
inputs rendering this architecture impractical for repeated
measurements. Another challenge with this TDC is its
sensitivity to temperature, which can influence both the
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carrier mobility and threshold voltage of a MOS transistor,
requiring the need for a careful calibration procedure.

In contrast to pulse-shrinking, the pulse-stretching
technique digitises an incoming pulse by stretching the pulse
to a more detectable level and using a measurement clock to
count™. The stretch factor is implemented as the product of
the current ratio and capacitor ratio in order to reduce the
effect of process variability. In addition, analogous to flash
ADCs, flash TDCs operate by comparing a signal edge to
various reference signal edges displaced in time. However, in
the case of the flash ADC, voltage comparisons are made by a
comparator, its equivalent in the time-domain is the arbiter,
which selects, which of the two input signals arrived first'>'3,
Despite the fact that the flash TDC can be utilised for medium
resolution applications, this type of converter is not always
useful for on-chip jitter measurement applications where
results are often at sub-gate resolutions. Moreover, multiple
vernier delay lines can overcome the limitation in temporal
resolution of the flash”!. Similar to the flash TDC, the output
isthermometer coded and the input time differenceis defined
in Eq. 1, where, N represents the location of the first latched
arbiter.

Ag,,= N.At = N. (119 (M

The effective time resolution accomplished within a
VDL-based TDCis based on the matching between the various
buffer cells. Having said that, in order to have a larger input
range, a large number of VDLs needs to be used, which
eventually leads to mismatching issues. Even with careful
layout approaches, the mismatches cannot be completely
eliminated.

The TDC architecture based on the time amplifier (TAMP)
block described in Oulmane and Roberts'™ and Siliang et a/'®
can overcome many of the shortcomings found in past
traditional TDC techniques. The time amplifier operates by
enlarging smallinput time differences set by two time events,
usually in the form of two rising edge signals. This
amplification process helps alleviate some of the input range
problems found in most high-resolution TDC designs. An
elementary drawback of the TAMP TDC is the relatively long
conversion time from input to output. In contrast to
conventional voltage amplifiers, the TAMP must generate the
amplified time information and consequently consuming
time. Hence, the processing time is of the order of the output
phase difference Ad,,, excluding additional processing from
the LR-TDC.
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Time-to-voltage conversion is yet another analogue
method frequently used, also referred to as the
interpolation-based time-to-digital converter (TDQ). It
provides a substitute for the analogue-based interpolation
schemes in that it is similar to the time stretching technique,
though in this method the value of the voltage across the
capacitor is directly read by an analogue-to-digital converter
(ADQ). Figure 1 shows a simplified circuit of the conversion of
the time to voltage accompanied by the analogue-to-digital
conversion stage.

In this technique, a constant current source is used to
linearly charge a capacitorin orderto convert the timeinterval
(AT) into a voltage and then the voltage is held briefly to
allow the analogue-to-digital (A/D) conversion. After the
measurement, the capacitor is quickly discharged in an effort
to minimise the dead time between different measurements.
This method has been applied in many designs using discrete
and Integrated Circuits (ICs)%617, As the time-stretcher method,
the time-to-voltage conversion can reach picosecond
resolution. However, the constraint of this method is the
limited dynamic measurement range which is determined
by the maximum voltage to which the capacitor can be
charged (i.e., the supply voltage). There are a number of ways
to implement time to-analogue voltage converters (time
interval measurements). Figure 2 demonstrates a preferred
architecture of TVC, which consists of three building blocks.
Firstly, a digital circuit is used to transform the two input
signals into two complementary control pulses with time
interval (AT). The corresponding quantity of charge that is
integrated onto capacitor C is then determined by the
analogue circuit which uses digital signals. Finally, the output
voltage is captured by an ADC and transformed into digital
form An and Roberts’®,

Time-to-voltage converters can be easily constructed with
discrete components and many IC designs while continue to
deliver a time precision of 10 psec? or even close to 1 psec'®.
Many IC designs are precise to around 20-40 psec'?, Time-to
voltage converters are widely used in various other
applications other than TDCs?'. For instance, in Taillefer
and Roberts??, a delta-sigma ADC is designed using the
voltage-to-time conversion methods, in which the integrator’s
current is modified by the input voltage. Park and Perrott?
utilises a voltage-to-time converter and a gated ring oscillator
(GRO)-TDC for A/D conversion.

In the following sections, the proposed TVC-based TDC
architecture is presented. Furthermore, the TVC transfer curve
behaviours are examined via parameter sweep simulations.In

54

(Dml

10111010...

TVC EE—

>, ADC
—>

Amp

Fig. 1: Time-to-voltage converter based TDC architecture

ADC

Digital
circuit

Control
pulses

Input
edges
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this study, measuring a very fine time difference is the main
focus of the proposed TVC design. Forinstance, measuring the
jitter of a recovered clock form a signal of a serial link.

DESIGN OF TIME TO VOLTAGE CONVERTER

The key idea of the proposed circuit is based on
transforming distributions of time to distributions of voltage
(TVQ) utilising the phenomenon of metastability in digital
circuits. In this study, a simple D-latch at metastable
conditions is used to provide a metastable output which can
be then used to control the charging path of the output
capacitor as a result the voltage across the capacitor being
proportional to the time interval of the input signals. Figure 3
shows the schematic diagram of the proposed time to voltage
converter circuit. The proposed TVC circuit is compact enough
to be implemented on a chip as it consists of ten MOS
transistors and one minor load capacitor. The operation is
accomplished in two stages. Firstly, a metastable state is
generated at the output of D-latch which is initiated by the
START event (CLK) which represents a rising edge and is
terminated by the STOP event (data) which is represented by
afalling edge. Secondly, the output voltage of D-latch after
resolution of any metastability is then used to control the
constant current source (PMOS) which charges up the output
capacitor.

In other words, the output capacitor is charged up by a
variable current source controlled by the metastable voltage



Inform. Technol. J, 15 (3): 52-60, 2076

at the output. The total charge delivered to the capacitor is
then an analogue representation of the time interval to be
measured. An analog-to-digital conversion can be then
performed. To verify the time-to-voltage conversion ability of
the proposed circuit described previously, simulations were
performed using HSPICE circuit simulator and a 45 nm model
card, with a single supply voltage V44 = 0.9 V. The value of time
offset at the input A®,, =0,,-O,, required to cause
metastable events at the output of D-latch was varied at a
time interval of 0.01 psec to generate the corresponding
output metastable voltage in order to obtain precise results in
the metastable region. Figure 4 shows the different TVC
transient curves of V,, for different time intervals A®,,
ranging from -200 to 200 psec. As A®,, is increased, V,

Vau
Start (CLK)

Stop (data)_,_|

O

o
o]

Start (CLK)

Fig. 3: Circuit diagram of time-to-voltage converter

experiences a monotonic increase while still maintaining its
linear behaviour. Therefore, the relationship between Ad,,
and V,, can be used to move from a time-domain inputto a
voltage-domain output. By simply measuring the voltage at
V,.: at a given instant, the proposed circuit can now function
closer to a TVC. Converting the circuit into a TVC has the
added advantage of a quick data conversion time since
voltage can be measured instantaneously as opposed to time.
The input and output relationship of the TVC is defined as
follows:

AD,, = D, ,-D;, )

AV, = 7.AD, (3)

out in

Note that in a TVC, input to output conversion occurs
from the time-domain to the voltage-domain and will be
represented by the TVC gain-conversion factor denoted as y.

RESULTS AND DISCUSSION

In this section, circuit simulations were undertaken to
demonstrate the effects of key design parameters such as
capacitor configuration and transistor width on time to
voltage conversion-gain and dynamic input range, where the
dynamic range is defined as the difference between the
maximum and minimum values of the time intervals that can
be measured. Defining the dynamic range also depends on
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Fig. 4: TVC transient curves of V, for different time intervals
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the application’s requirements. Figure 5 illustrates the
influence of supply voltage (V44) on the time to voltage
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transfer characteristics. Clearly as the supply voltage V44 of the
circuit decreases, the dynamic range of time to voltage
conversingincreases while the slope or gain of time to voltage
decreases as demonstrated in Fig. 6 and 7.

This can be explained by approximating the average
charging current of the controlled PMOS transistor (Mg,) by the
equation:

K
o =Ko (v v, ) “

dt 2C,

where, C_ is the output capacitance, V. is the output voltage,
Vinp is the threshold voltage of the PMOS device (Mj;) and Ky
is the transconductance parameter for the device, which is
defined as:

_ 1,C, Wy
L

K (5)

P
P

The gate to source voltage Vg of the PMOS device
(Mp;) can be represented as the difference between V4 and
the control voltage which is the voltage of the metastable
output of a bi-stable circuit which exhibits metastability, given
by:

Vi = Vmet“mm/r M (6)

The value of V,, is given by:

vV, =0.AT, )
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Fig. 8: Influence of C, on gain coefficient of time to voltage
converter

140 -
120 -
100
80 -

60

Dynamic range (psec)

40

20

0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
C. (pF)

Fig. 9: Influence of C_ on dynamic input of time to voltage
converter

where, 8 is a circuit constant which determines the rate at
which the overlap time between the data and clock is
converted into a voltage difference between the two nodes of
the cross-coupled inverters. The AT, is the time difference
between the input signal and reference and 1 is the
metastability time constant of the bi stable element?, which
is given as:

KL (W, +W,)
T=
(VDD -2V, )\/“’uwn \/prp

(8)

where, K is the ratio of the output capacitance to input
capacitance, C, is the gate capacitance per unit area, L is the
device length and W, and W, are the channel widths forthe n
and p channel devices, respectively. The y, and u, are the
mobility of holes and electrons, respectively and the
magnitude of the threshold voltage, V,, is equal for both
p-channel and n-channel devices.
Substituting Eq. 6 into Eq. 4 yields:
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dv,, K, e \2
out _ _ V.. +V. —V glouns
g = e Vot Vap = Vae™) )

Finally, by solving the delay and differentiating with
respect to T;,, the gain coefficient of time to voltage converter
(y) can be defined as:

dv,

out

B KP Ae.e‘omm’t

TC (Vdd +V,, —OAT, el ) ¢

“out

Yy = 4AT, (10)

where, t,.m is the resolution time of a metastable event
of the D-latch and t,, is the delay time required to
charge up the output capacitor. As evident from Fig. 5,6
and Eg. 10, one can see that increasing the supply Vyq
directly increases the gain coefficient of time to voltage
converter, despite the fact that the Vg is inversely
proportional to the metastability time constant which
means an increase in the ac gain of the inverter (by
increasing g,).

Inasimilar manner, it was noticed thatincreasing the load
capacitance significantly increases the dynamic range while
reducing the gain of time to voltage conversion as shown in
Fig.8and 9.

Moreover, Fig. 10 and 11 show a plot of the effects of
transistor width Wp1 on the TVC output signal. The result of
larger transistor sizes on the TVC performance is a higher
gain-conversion factor. Because of the inverse relation
between transistor size and resistance, larger sizes result in
smaller resistances, which reduce the average time constant
of the system.

Figure 12 and 13 show the effect of threshold voltage
NMOS devices. Clearly as the V., of the NMOS devices
increases, the dynamic range and the gain of time to voltage
conversion slightly increase.
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Figure 14 and 15 demonstrate the effect of threshold
voltage PMOS devices. Clearly as the Vy,, of the circuit
increases, the dynamic range of time to voltage conversion
increases while the slope or gain conversion factor decreases.
In summary, by carefully choosing the values of the capacitor
C, as well as proper transistor sizing, the overall gain of the
TVC can be manipulated.

Table 1 presents performance summary and comparison
of recent integrated TDCs that are suitable for applications
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Fig. 11: Influence of Wp on dynamic input of time to voltage
converter
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Fig. 12: Influence of V,,, on gain coefficient of time to voltage

in which a short measurement range is required. In cyclic
pulse-shrinking technique, for example, a single shrinking
element in the delay line is utilised to effectively circulate the
pulse in the actual delay line until eventually it vanishes.
Thereafter, A counter counts the rounds of circulation and
indicates the result. A dynamic range of 18 nsec was
achieved with 20 psec resolution®.

In frequency synthesis, a TDC based on a delay line with
successive elements are employed to digitize the cycle
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Table 1:Integrated TDCs with a short measurement range
Reference Architecture Technology Range Power
Tisa et al? Cyclic pulse shrinking 0.8 um CMOS 18 nsec NA
Staszewski et al?® Delay line 90 nm CMOS 640 psec 6.9 mW
Henzler et a/* Delay line with resistors 90 nm CMOS 600 psec 3.67 mW
Lee and Abidi¥ Time amplification 90 nm CMOS 600 psec 3mwW
Straayer and Perrott®' Gated ring oscillator 130 nm CMOS 12 nsec 2.2-217 mW
Yu et al* Counter and Vernier ring 130 nm CMOS 30 nsec 7.5 mW
Baschirotto et a/?* Time-to-voltage converter 1.2 um CMOS 192 nsec 120 pW
Stevens et al*® Time-to-voltage converter 1.6 um CMOS 6.5-27 nsec NA
Kim et a/*® Hybrid of time and voltage domain circuits 65 nm CMOS NA 3.7mwW
TVC proposed Time-to-voltage converter 45 nm CMOS 30-160 psec 52-105nW




Inform. Technol. J, 15 (3): 52-60, 2076

70

60 4

50 4

40 4

30 4

Dynamic range (psec)

20 4

0 T T T T 1
-0.5 0.4 -0.3 0.2

V,, of PMOS devices (V)
Fig. 15: Influence of Vy,, on dynamic input of time to voltage
converter

time of a GHz-level output signal or alternatively its phase
difference with respect to a reference signal. The successive
delay line measurement technique provides inverter delays of
about 20 psec in 90 nm CMOS technology and can cover a
640 psec measurement range?. This gate delay was divided
by using passive resistors between the delay elements so that
4.7 psec resolution and 3.3 psec precision could be attained in
90 nm CMOS when measuring over a 600 psec range®,

Another sub-gate delay measurement technique?
amplifies the residue between the timing signal and delay line
and could achieve almost 1 psec measurement precision by
means of complicated linearization methods and look-up
tables.

More related study to TDC based on time to voltage
conversion were presented by Stevens et a/® and
Baschirotto et a/?°, nevertheless they unable provide such a
short measurement range while consuming much higher
power.

More recently, a TDC based on a hybrid of time and
voltage-domain circuits is introduced by Kim et a/*°. The TDC
operates in two steps, i.e., first in the time domain by using a
delay-line TDC and then in the voltage domain by utilising a
successive-approximation-register analog-to-digital converter.
The time residue of the first stage is converted to voltage by
using a switch-based time-to-voltage converter (TVC) with the
help of pseudo differential time-domain signalling. In the
65 nm CMOS technology, this study achieves 630 fsec of time
resolution while consuming 3.7 mW froma 1.2 V supply.

Inthis study, it was found that the dynamic measurement
range of the TVC proposed is in the order of 160 psec and it
also could provides a resolution time in sub picoseconds.
While consuming much lower power. However, The simpler
element structure makes for better resolution but it also
means that the resolution varies with temperature or
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operating voltage and from one circuit to another. A double
ended VTC where the output can be measured differentially
can overcome the vulnerability to PVT variations and noise
effects in such single-ended TVC design.

CONCLUSION

A new design of very fine TVC based on the phenomenon
of metastability in a bi stable element is presented, the TVC
transfer curves were examined via parameter sweep
simulations. The simulations were included to demonstrate
the effects of key design parameters such as load capacitance
and transistor width on time conversion-gain and dynamic
input range. The gain can be increased or decreased by
properly setting the width of the transistors in the proposed
circuit. In future, a double ended VTC where the output can be
measured differentially will be examined. This will be done in
orderto overcome the common problemin such single-ended
TVCdesign of vulnerability to PVT variations and noise effects.
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