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Abstract—A new Vernier time-to-digital converter architecture T T T T T
using a delay line and a chain of delay latches is proposed. start —D {> {> {> {>
The delay latches replace the functionality of one delay chain o
and the sample register commonly found in Vernier converters,
hereby enabling power and hardware efficiency improvements. L N2 N2 N2 N2
The delay latches can be implemented using either standard or | %7 > v v v v |

full custom cells allowing the architecture to be implemented in ~—
FPGAs, digital synthesized ASICs, or in full custom design flows. AT
To demonstrate the proposed concept, a 7-bit Vernier time-to- ] ) ]
digital converter has been implemented in a standard 65 nm Fig- 1. lllustration of a common delay line Vernier TDC.
CMOS process with an active core size of 38m x 120um. The

time resolution is 5.7 ps with a power consumption of 1.75 mW . L
measured at a converZion rate gf 100 MS/s. P A hardware-efficient reset and edge detect circuit is pro-

posed. The circuit generates a reset before each conversion
cycle and also filters out the correct edges of the input sgna
The circuit can also handle input signals with differentnsig
frequencies.

The paper is organized as follows. Section Il describes
the delay latch chain TDC architecture and the reset and
N recent years, time domain signal processing has becoftige detect circuit. Section Il presents measurementtsesu

a promising alternative to signal processing implememed and comparisons with recently published TDCs. The paper is
the voltage or current domains. The reason is that the sitrinconcluded in Section IV.
gain of the CMOS transistors, that is transconductance over
channel conductancg,, /g4, is reduced for each new CMOS Il. PROPOSEDTDC ARCHITECTURE
process node [1]. At the same time the cut-off frequerfgy, A TDC converts the time difference between two input
for the same CMOS transistors increase. As a result of thés, ssignals to a digital output word. In a single delay line TDC
resolution in the voltage domain decreases while the réiealu the time resolution is limited by the gate delay in the delay
in the time domain increases. chain whereas a Vernier TDC can achieve sub gate-delay
Time-to-digital converters (TDCs) are for example used if¢solution [5], [6]. A Vernier TDC compares the delays of
analog-to-digital converters [2], [3] and in digital phdseked two delay lines by sampling the state of one delay line with
loops (PLLs) as a replacement for the phase comparator [@]signal that has propagated through a second delay line with
By replacing the phase comparator with a TDC, the chargeshorter unit delay, as illustrated in Fig. 1. Assuming that
pump and the analog loop filters can be replaced with digitdle unit delays of thetart andstop delay lines arer; and,
filters and a digital control loop. In the PLL case, the inputéespectively, the resolution of a Vernier TDC is given by the
to the TDC are two clock signals which is the notation wéelay differencersg = 71 — 72.
will use in this work. The proposed Vernier architecture is described in Sec. II-A
In this work we propose a new Vernier TDC architectyrgnd the reset and edge filtering circuit is described in Seg. |
enabling both power and area improvements. These savings )
are made possible by replacing the second delay chain dhdPelay latch chain
the sampling register commonly found in Vernier converters The proposed TDC architecture consisting of a chain of
with a chain of delay latches. delay latches with unit delays; and a delay line with
The proposed architecture can be implemented using eithigit delaysr, is illustrated in Fig. 2. The delay latches are
digital standard cells or full custom cells. Even though thansparent if the control input is low and they hold their
proposed architecture can be implemented as a single deleytput values if the control input is high. The delay latches
line TDC we will use the delay lines in a Vernier configuratiore modeled using buffers and multiplexers with zero delay
in this work. The Vernier configuration is used since a singkonnected in feedback. A complete conversion cycle for the
delay line TDC is limited by the gate delay while the Vernieproposed architecture in Fig. 2 consists of the followirgpst
TDC can achieve sub-gate delay resolution [5], [6]. AWwhere it is assumed thai > 7.
transistors in the design are used as digital switches,ehenc1) The TDC is prepared for conversion in the reset phase
the proposed architecture suits for implementation in CMOS  where thestart andstop inputs are low. All delay latches
processes with reduced feature size. are now transparent.

to t, t, ty t,

Index Terms—Time-to-digital converter, TDC, delay latch,
Vernier, CMOS

I. INTRODUCTION
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Fig. 4. Histogram showing the simulated unit delay diffeeehetween the
delay latch chain and the delay ling,sg = 71 — 72.

becomes a floating node hence holding the current voltage
value. The PMOS enable transistors works in the same way as
the NMOS transistors but with complementary gate voltages.

Since the delay latch outputs,, are floating when the
enable transistors are turned off, that is, no path exists to
supply nor ground, pull-up/down circuitry are added assilu
trated in Fig. 3. The pull-up/down circuitry have two adalital
purposes, that is acting as an extra load to ensurerthatr,,
and also act as buffers driving the inputs of the thermometer
to-binary encoder.

Matching transistors are added to the delay line inverters
to match PVT variations. The matching transistors are away
enabled by connecting the NMOS and PMOS transistor gates
to supply and ground potentials, respectively. Note thht al
delay latches and delay elements are inverting in the eetail
implementation, hence every second thermometer code bit is
also inverted. This can however easily be corrected for én th
succeeding thermometer-to-binary encoder.

Each delay stage requires nine transistors including the
pull-up/down circuitry. This can be compared to the staddar
Vernier TDC architecture in Fig. 1 that requires 28 tramssst
per delay stage in an implementation assuming that one D flip-
flop uses 24 transistors. Hence the proposed solution reduce

2) Atthe next rising edge of theart input, a pulse propa- the transistor count by 68%.

gates through the delay latch chain gradually increasingpjonte Carlo simulations have been performed on an ex-
the thermometer code at thg outputs.

3)

tracted layout made in a 65 nm CMOS process to predict

At the next rising edge of theiop input, a second pulse pow the delay difference; —  is affected by the process

propagates through the delay line continuously settiRgriations. The supply voltage is 1.2 V and the temperature
the delay latches in hold state.

70° C. From the histogram in Fig. 4 it can be concluded that

4)

5)

When thestop pulse catches up with theeart pulse, the the TDC has an expected time resolution of 5.4 ps with a
Nth delay latch is non-transparent hereby stopping th@riance of 1.0 ps due to process variations and transistor
propagation of thestart pulse. mismatch. If a smaller variance is required, calibratiom ca
The thermometer code,, at the output of the delay pe applied as for example suggested in [7].

latches is now linearly Fiependent on the time difference, Figures 5 (a)—(c) show simulated integrated non-linearity
AT, between the two inputs. (INL) results for three process corners, that is the typical

The delay latches in the proposed architecture can be ithe fast NMOS/slow PMOS, and the slow NMOS/fast PMOS
plemented in a variety of ways using either standard cells ocorners. The differential non-linearity (DNL) for the same
full custom solution. A hardware-efficient circuit is illmated corners are shown in Figs. 6 (a)—(c). The simulations show
in Fig. 3 where the delay latch chain is implemented usintpat the linearity of the TDC is stable over process cornats b
dynamic inverters with alternating NMOS and PMOS enabtere is a spread in time resolution as was also seen in Fig. 4.

transistors and works as follows.

In Figs. 5 (a)—(c), we find a large drop in INL for lower-end

When the gate voltage is set high on an NMOS enabtedes. This is caused by an insufficiently sized invertei/{IN
transistor the delay latch works as an inverting delay etémean Fig. 7 (b)) as is further discussed in Sec. llI-A. A simidat
and when the gate voltage is low the output of the delay lateith a correctly sized inverter is shown in Fig. 5 (d).
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NI
=5 -1
g' : Corner: Slow N/Fast P An efficient implementation of the circuit in Fig. 7 (a) is
0 63 127 shown in Fig. 7 (b). The circuit uses less hardware than the D
© flip-flop implementation in Fig. 7 (a), which makes it easier t

Fig. 6. DNL simulations for (a) typical. (b) fast Nislow P, ar) maintain a constant delay between tikA and clkB inputs.

1g. . simulations tor (a) typical, as! slow P, al H A H H

slow N/fast P process corners. Resolutions are 5.5, 4.7, 4a8dps/LSB The circuit in Flg. 7 (b) works as _fOIIOWS_' WhedlkA is

respectively. low, both delay lines are reset by discharging #tert and
stop nodes. Theen_start is now charged allowing a pulse to
ripple through the delay latch chain at the next rising edge o

B. Reset and edge detection circuit the start node. At the rising edge oflkA the start node is

The TDC requires a reset before each conversion cycle aitfrged high and the delay latch chain starts to ripple. At th
should also measure the time difference between the risiggfme time, thenstop node is discharged through transistors
edge ofclkA and the next rising edge afkB as shown in the M2 and M3 thus charging thstop input. However, since the
timing diagram in Fig. 7 (c). en_stop node is still low, thestop delay line will not start to

A high level description of a circuit generating a reset befo ipple until the next rising edge afikB.
each conversion and also performing the edge detection is )
illustrated in Fig. 7 (a) where thelkA andclkB are the inputs C. Thermometer-to-binary encoder
to the circuit and thestart and stop signals are inputs to the The thermometer-to-binary encoder is a crucial building
succeeding Vernier TDC. block since it accounts for approximately 60% of the total
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dynamic power consumption of this power efficient TDC. A

power split for the implemented TDC is given in Sec. llI-BFig. 9. Measurement results (normalized to 5.7 ps) from foip samples
To minimize the power consumption an encoder based gh(@ DNL. (b) INL derived using the bestit ine definitioand (c) INL

. . . . erived using the end-to-endpoint definition.

multiplexers was chosen. Previous investigations show tha
such an encoder [8], [9] requires less hardware, has a shorte
critical path and also lower power consumption as compare( m

to commonly used one’s-counter solutions.
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I1l. M EASUREMENTS
The TDC was implemented in a standard 65 nm CMOS 3

i

process with a core size of 38n x 120um. A chip photo is 0 20 20 60 30 100 120
shown in Fig. 8 and the measurement results from four chif TDC code
samples are presented below.

Fig. 10. Measured single shot standard deviation as a fumcti TDC code.

A. Time resolution and single shot precision

The time resolution was measured using a Rohde Schw&t e Careful simulations verify this hypothesis and ah. IN
SMBV100A vector signal generator where the I and Q outpu?émmat'on vv_|th a correctly S|ze_:d m_ve_rter is shown in Figd).
from the RF baseband generator were used as inputs to Bfs codes higher than 6, INL is withi2.5 LSBs. If the end-
TDC. The time difference between the input signals was Swéﬁfendpomt INL def|r_1|t|o_n is used the worst case INL inceeas
in 1 ps steps and 10 kSamples were collected for each 89 LSBS as seen in Fig. 9 (c).
the settings. The average of these samples was derived ani'® Single shot precision measures the output of the con-
the resulting differential and integrated non-linearityL and VEer for a constant input signal. This measurement catche
DNL, curves are shown in Fig. 9. The DNL and INL curves argo'se and other non-ideal behavior from on-chip as well as

normalized to the average time resolution of the TDC Whic%ﬁ'Chip sources. The time difference of the input signatsw
was measured to 5.7 ps. swept in 1 ps steps and 10 kSamples were sampled for each

From the DNL curve in Fig. 9 (a) it is seen that the TDCsetting. The standard deviatieanwas derived for each input

is monotonic. Monotonicity is important if the converter i<°de and is plotted in Fig. 10. The variation in standard

used in closed loop applications such as for example digifViation probably originates from a non-uniform layout of

phase-locked loops [5]. Fhe ‘_I'DC. Histograms for three selected input codes are shown
In Fig. 9 (b) and (c) the INL was derived using the best" F19- 11.

fit line and the end-to-endpoint definitions respectively. | ) )

Fig. 9 (b) we find the INL to be-5 LSBs for lower-end B- Power consumption and conversion rate

codes. This comparatively high non-linearity is caused by a The maximal conversion rate was measured to 100 MS/s.

insufficiently sized inverter, INV1 in Fig. 7 (b). The refagly The total power consumption at this conversion rate was

long rise time of the inverter unfortunately sets the latob.,( 1.75 mW of which 20% are consumed in the Vernier chain,

the path through transistors M1, M2 and M3) in a metastab®% in the thermometer-to-binary encoder, 10% in the digita

state for low input codes, which is when the rising edges stipport block and 10% in the output buffers driving the @ibit

clkA and clkB are close in time. The metastability increasegOs. The power consumption as a function of the conversion

the delay through the latch resulting in the non-linear INkate is plotted in Fig. 12.
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C. Comparison with recently published TDCs [12]

In Table | the implemented TDC is compared with recently
published TDCs with a resolution in the range 4-6 ps. Thes
TDCs in Table | are selected with respect to small area and
low power consumption. Note that there are converters Wiﬁlt]
sub ps resolution [10], [11]. The finer time resolution does
however come with a significantly larger chip area and power
consumption.

From Table | it can be concluded that the proposed TD@s)
offers competitive performance in terms of area and power
consumption. The delay line TDC has shorter conversioneran[ge]
than a looped architecture [12]. Intended application afea
the proposed TDC are counter-assisted digital PLLs [5] and
all-digital ADCs [2], [13]. (17

The limited measured non-linearity will be addressed in
future designs by mainly resizing the inverter in the edgede
circuit as described in Sec. IlI-A. Note that the prototybéc
still shows a high potential of the proposed architecture.
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TABLE |
RECENTLY PUBLISHED TIME-TO-DIGITAL CONVERTERS.

a chain of delay latches has been presented. It has been (14— [15]  [16] (171 .
) . ype Passive  Cyclic 2-D Vernier This
demonstrated that a full custom implementation of the pro- interp.  Vernier delay line + GRO  Work
posed architecture reduces the transistor count with 68% &amp. rate [MS/s] 180 10 50 25/100 100
compared to a conventional solution leading to both poweResolutionl_[pS] . A 55 4.8 i-g 5.7
. . . . versampling ratio
_and area savings. A 7-bit Vernier TDC_ has bee_n mplemt_ante@e& w. interp. [ps] 4.7 32
in a standard 65 nm CMOS process with an active core size Glower supply [V] 1.2 1.0 1.2 1.2 1.2
33um x 120um. The time resolution was measured to 5.7 pgPower [[mV]V] ?6% 2-80 18’76 3-@0 1-14/3-72
: . ; ange [ns . 1 . 4 7
with a power consumption of 1.75 mW at a conversion rat«%flumber of bits 7 15 7 7
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Technology [nm] 90 65 90 65
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