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An Integrated Time-to-Digital Converter with 30-ps Single-Shot Precision

Elvi Raisdnen-Ruotsalainen, Timo Rahkonen, and Juha Kostamovaara

Abstract—A time-to-digital converter (TDC) with 32-ps res- T1 .
olution and 2.5us measgrement range r(las b)een integrgted ina st o] " MK —————] n-bit interpolator |-o digitized T1
0.8+:m BICMOS process. The TDC is based on a counter with
a 100-MHz clock. Two separate time digitizers improve the time digitized T
resolution by interpolating within the clock period. These inter- stop ==
polators are based on analog dual-slope conversion. According

. .. X counter
to test results, the single-shot precision of the TDC is better than system T12 bt | o digitized T12
30 ps E-value) and the nonlinearity is less than+5 ps when  clock D—’_ Hr
input time intervals range from 10 ns to 2.5us. The conversion E
time is <6.3 pus. Temperature drift, excluding the temperature T
dependence of the oscillator, is belowt40 ps in the temperature <.ﬂ.>

range of —40 to 60°C. The size of this chip, including pads, is dock J L[ LT L o1 1L_[ L
3.5x 3.4 mn? and its power consumption is 350 mW. : :
start |

Index Terms—Laser radar, time measurement, time-of-flight, <3—linput interval Ty, —&>
time-to-digital converter, time-to-voltage. stop E '_'
no -
|. INTRODUCTION T2 | I
time-to-digital converter (TDC) is one of the critical com- T2 '
ponents of a pulsed time-of-flight laser radar in which the output result = T12 + T1 - T2

distance measurement is based on the measurement of the transit
time of a short laser pulse to an optically visible target and batle- 1. Block diagram and operating principle of the TDC.
to the receiver. The goal of this work was to develop an inte-
grated time-to-digital converter which would enable the reahe single-shot precision is often limited by the gain error and
ization of an integrated laser radar with millimeter-level dishe nonlinearity of the interpolators. These errors result in a pe-
tance measurement accuracy (1 mm corresponds to 6.7 pgiddic single-shot error which depends on the input interval [10].
time measurement). A prototype integrated laser radar with cenThe linearity of this TDC is basically as good as that of the
timeter-level accuracy has already been implemented [1].  counting method. Although the gain error or nonlinearity of the
Typical industrial applications for laser radars are, for ejinterpolators decreases single-shot precision from the theoret-
ample, the measurement of level height in silos, positioning @fal value, for averaged results their effect is merely a constant
tools and vehicles, velocity measurement, anticollision radagsas error independent of the time to be measured, and can be
and proximity sensors [2]-[4]. Other application areas for TDGsubtracted from the final result [10]. The stability error of the
are high-energy physics [5], [6], calibration of automatic teStDC can be divided into two components. The first is an offset
equipment systems [7], and telecommunications applicatiogsft component which is independent of the input time interval.
such as the FM demodulator described in [8]. It results, for example, from the temperature dependence of the
random mismatch between start and stop signal paths in the con-
Il. IMPLEMENTATION OF THE TIME-TO-DIGITAL CONVERTER  trol block or between the interpolators. The second error com-

The operating principle of the TDC is shown in Fig. 1 [glponenF is a gain error, which is depe_ndent on the input interval
The time intervalZ:, from the rising edge of the start pulsea”d arises from the temperature or time dependence of the ref-
to the rising edge of the stop pulse is digitized in three par&€nce oscillator. S _

The main parf’12 is synchronous with respect to the system It can be concluded that t.he nonidealities of the |nt.er.pollators
clock and can be digitized by counting clock pulses with pég a large extent cancel out in averaged results. To minimize the
riod ... With a counter and a 100-MHz clock, a resolutiof$"TOrS; the start and stop signal paths in the control logic and
of 10 ns is achieved. The resolution is improved by digitizinfitérPolators need to be matched carefully.
the fractional part€’l and 72 separately with:-bit interpo- o
lators. The theoretical worst-case single-shot precision of the INPut Synchronization
TDC in asynchronous measuremen®i81;), /2. In practice, In the actual implementation, the time intervdl$, 72, and

T12 are generated as shown in Fig. 2. In this c4seand72
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_@L}_T_l, collected from measurements. This procedure is much slower
St——g 12 R than the calibration with two pulses, since a large number of re-
DL sults need to be collected, but itis inherently accurate. Thus, the
calibration with two pulses can be used for determining the in-
Stg’i—@ terpolator parameters after start-up, and the calibration based on
Ct the distributions can be used, after the number of measurement
Dlb

results is adequate, to gain more accurate results.

e Ill. M EASURED PERFORMANCE

to counter The prototype TDC was integrated in a Q:& BiCMOS
process. In addition to the main TDC and calibration functions
the circuit includes some test logic to detect, for example, the
functionality of the counters, digital logic for the interface to
flip-flop will increase and in an extreme case the flip-flop wiltthe laser radar system, and biasing circuitry. The only external
enter a metastable state. The probability of metastability is loegmponent is a 100-MHz (P)ECL oscillator. All critical parts
but even a small increase in the delay causes an erfiot end of the TDC were implemented with emitter-coupled logic/cur-
thus in the final measurement result, as well. The probabilitgnt-mode logic (ECL/CML)-type current steering structures,
of a synchronization error is effectively reduced by waiting bavhich reduces crosstalk between the start and stop channels but
fore sampling the output of flip-flo@2a with the flip-flop D3a  increases power consumption.
[11], [12]. As long asD2a settles in one clock period, the mea- The size of the circuit is 3.% 3.4 mn? and it has a power
surement result will be correct sin@d 2 is adapted according consumption of 350 mW. With a 100-MHz clockl = 7 pF,
to the value ofl’1. The drawback of the three-flip-flop schemeC2 = 56 pF, 11 = 800 A, and /2 = 20 pA. The nominal
is that the linear measurement range required of the interpaéretch factor is 320 and the LSB of the TDC is 32 ps. The
tors increases as now the measured time intervals range freorst-case conversion time (from the arrival of the stop mark)
T to 27 Ideally, the range from O td,y, appears as a con-is 320 - 27, = 320 - 20 ns= 6.4 uS. Since the measurement

clock
[

Fig. 2. Synchronization of start and stop inputs.

stant offset in the measurement results. rate of the laser radar is limited to a few tens of kiloHertz, the
conversion time of the TDC does not limit the performance of
B. Analog Interpolator the system.

The interpolators are based on dual-slope conversion, Whﬂr.eSingle-Shot Precision
the input intervaty, is stretched with a factor @#/ - V and clock

pulses are counted during this time. This gives a measuremenfC Measure the single-shot precision of the TDC, a single
resolution equal to the case in whieh is directly digitized output pulse was taken from a pulse generator and split into two

with a clock frequencyl/ - N times higher. The stretch factoer|Se_S with a power splitte_r. One pulse was fed dirc_ectly into the
is implemented as a product of a current ratio and a capacif@'t inPut of the TDC while the other pulse was first delayed

ratio. The principle of the interpolator is shown in Fig. 3. At thd @ coaxial cable and then fed into the stop input. Thus, a con-
beginning of the measurement, the voltages of the capaitors stant and nearly jitter-free input time interval was created. The

and C2 are reset and equal. During the interpolator input timang!e-shot precision of the TDC for this input time interval was
interval, the smaller capacite1 is discharged with a constantc@lculated as the standard deviatioof the distribution of 1000

currentl1. Next, the larger capacitai2 = M-C1 is discharged r_neasurement resglts. Since the precision depends on the_input
with a smaller currenf2 = I1/N until the voltages of the Ume interval, the input time was swept over the clock period
capacitors are equal again. At this point, the comparator whifh @ 2-nsincrement. The measured single-shot precision of the
was enabled at the beginning of the second discharging chari?gf: is shown in Fig. 4. In Fig. 4(a), an average stretch factor of
its state and the counting of clock pulses stops. The stretch fa = 310 was used when calculating the results, while the real
is thusM - N and the LSB width of the TDC i€,y /(M - N). stretch factors varied fro_m chip to chip in the range _of 306-316
The output result of the TDC is now, = N.Tu + (N; — (il.s%). The effe_ct of mterpola’;or gain error (WhICh can be
Ny)Tax/(M - N) whereN,, N1, and N, are the outputs of the considered a special case of nonlinearity) on the precision of the
main counter, start interpolator counter, and stop interpolatbPC ¢an clearly be seen. When the real stretch factiifsand
counter, respectively. K5) were u;ed to calculate the mea.sure'ment resylts, as would
The analog interpolators can be calibrated by two calibratié} the case in a real measurement situation, the single-shot pre-
pulses generated on-chip. The first one is equal to the minim&§ion was better than 30 ps [Fig. 4(b)].
input interval of the interpolators, i.e., one clock period, and . )
the second is equal to the maximum input interval of two clodg: Linearity
periods. From the interpolator output values for these calibra-The linearity of the available pulse generators was not ade-
tion pulses, the offset and gain of the interpolators can be detguate to measure the linearity of the prototype TDC. This is why
mined and used when calculating measurement results. Anotageference TDC was used in parallel with the prototype TDC
method to determine the offset and gain of the interpolators isaad the results of the two TDCs were then compared to com-
calculate them from the interpolator output result distributiongensate the errors from the pulse generator. The reference TDC
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Fig. 3. Principle of the interpolator based on time-to-voltage conversion.
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Fig. 4. Single-shot precision of TDC for five circuits. (a) Results calculated
with the average stretch factor. (b) Results calculated with the real stretch factors

K, and K- specific to the circuit. of the prototype TDC was less tharb ps for input time inter-
vals from 10 ns to 2.%s, as shown in Fig. 5.

has been implemented with discrete ECL components and cali- B

brated in a real laser radar environment. The results indicate thatStability

the linearity of the reference TDC is better thahO0 psforinput ~ Two examples of the temperature drift measurements are
intervals of 40-340 ns and the single-shot precision3® ps shown in Fig. 6. The temperature drift at each temperature
(c-value). To measure the linearity of the prototype TDC, bothlas calculated as a difference relative to the room-temperature
the start and the stop pulses taken from the pulse generator werailts. The offset-type error resulting from random mismatch
splitinto two pulses with a power splitter and fed simultaneoushetween start and stop channels is shown in Fig. 6(a), while in
to the prototype TDC and to the reference TDC. The linearity &fig. 6(b) the gain error arises from the temperature dependence
the prototype TDC was then calculated by comparing the me#-the reference oscillator. For short input intervals [Fig. 6(a)]
surement results of the two TDCs. For each output result, Hre offset error dominates since temperature dependence of
average of 1000 samples was taken. The measured nonlineahigy reference oscillator causes notable error only for longer
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TABLE |
MEASURED PERFORMANCE OF THETDC
+40,460°C
Parameter Value
Isb width 32ps
0°C 40°C / input range 2.5 us
20 40 60 80 100 clock frequency 100 MHz
input mte)rv al/ms time precision o = 30 ps (worst case)
a
integral linearity error | <+ 5 ps
temperature sensitivity | <+ 40 ps (-40... +60 °C)
2 conversion time <6.4us
% supply voltage 5V
=]
power consumption 350 mW
-80¢ 0.-20,-40°%C chip size 3.5 mm * 3.4mm
1000 2000
input interval / ns
b)

surement, the measured single-shot time precision of the TDC
Fig. 6. Measured output error of the TDC compared to room temperature. {(§)<30 pS) corresponds to 4.5 mm and the time measurement
Drift due to the TDC itself. (b) Temperature dependence due to the referediigearity of <5 ps in the range of 10 ns to 2% corresponds
oscillator. to an accuracy of=1 mm in the range of 1.5 m to 370 m. The
size of the TDC chip is 3.5 3.4 mn? and the only external

temperature meas. error

T F o 3 4 E component required is a 100-MHz oscillator.
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