
IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 57, NO. 6, JUNE 2010 1

FPGA Vernier Digital-to-Time Converter With 1.58 ps
Resolution and 59.3 Minutes Operation Range

Poki Chen, Member, IEEE, Po-Yu Chen, Juan-Shan Lai, and Yi-Jin Chen

Abstract—The first FPGA multiple channel digital-to-time con-
verter, or digital pulse generator, is proposed to further extend
FPGA applications into analog domain. Based on vernier principle,
the effective resolution is made equivalent to the period difference
of two phase-locked loop (PLL) outputs. The finer than ever DTC
resolution of 1.58 ps is achieved with an Altera Stratix III FPGA
chip. The DNL and INL are verified to be � ��� �� ����	

and � 
� �� � ��	 respectively for input value varied
from 1 to 1026. The widest operation range of 59.3 minutes is ac-
complished with 51 functioning input bits. Except for 2 shared
PLLs, there are only 422 combinational ALUTs and 84 dedicated
logic registers utilized per channel for 224-channel circuit imple-
mentation. The power consumption per channel is simulated to be
3.04 mW only. With a simple but powerful structure, the design
cost is substantially reduced from those of its predecessors.

Index Terms—ATE, BIST, digital pulse generator, digital-to-time
converter, FPGA and vernier principle.

I. INTRODUCTION

D IGITAL-TO-TIME converter (DTC) is used to generate
a time signal with a width proportional to a programmed

input value. It is one of the most important cores of automatic
test equipments (ATE) or measurement instruments, such as
VLSI functional tester, PLL tester, IC pulse parametric tester,
system trigger, laser diode tester, timing generator, time-to-dig-
ital converter (TDC) tester, delay compensator and pulsed R/F
measurement equipment [1]–[13], [22]. It is also extensively
used by digital IC BIST (built-in self-test) applications for cost
reduction. Due to different operational principles adopted, dig-
ital-to-time conversion can be fulfilled by absolute [1], [2], [6],
[8], [10]–[12] or relative [3]–[5], [7], [9] time generation. The
absolute time generation can be utilized to produce wide delay
range with low offset. However its demerits are comparatively
poor resolution and more sensitivity to PVT (process, voltage
and temperature) variations. For the relative time generation,
the effective resolution equals the delay difference between dif-
ferent transmission paths or delay elements and can be made ex-
tremely fine. Nevertheless, its performance is easily hampered
by path or element mismatches. With an input value equal to 0,
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the delays of different paths cannot be made exactly the same
after fabrication and there always exists a large offset.

For performance enhancement, conventional DTCs were usu-
ally realized with GaAs or Bipolar processes based on the ab-
solute time generation principle. A 7-bit DTC was proposed to
set the output pulse width by comparing the output voltages of a
digital-to-analog converter (DAC) and a ramp generator whose
charging rate was determined by an external current source and
one external capacitor [1]. The achieved operation range and
resolution were 15.875 ns and 125 ps with differen-
tial nonlinearity (DNL). Later, another 8-bit version was pre-
sented to get 10 ps resolution with integral nonlinearity
(INL) and 50 MHz operation frequency [2]. Its full-scale opera-
tion range was merely 2.5 ns which could be extended to s
with 39 ns resolution. The accuracy and maximum operation
frequency of these DTCs were dominated by the performance
of DAC and comparator which would become harder to design
for finer resolution or wider operation range with more input
bits.

Alternatively, a programmable vernier delay line with calibra-
tion RAM was utilized to get 40 ps resolution [3]. Afterward the
vernier delay line was replaced with delay matrices which com-
posed of multiple delay cells with rather small delay differences.
Some multiplexers were adopted to vary the effective transmis-
sion path of the matrices according to the programmed delay.
The operation range (2.55 ns [4] or 3 ns [5]) was restricted by
the maximum achievable delay of the delay matrices. Although
the effective resolutions were as low as 10 ps and 8 ps, their
open-loop structures always owned some uncompensated PVT
sensitivities which would cause measurement errors in turn.

To cut down fabrication cost and power consumption and
to boost circuit integration, CMOS processes were gradually
adopted for DTC designs. A fully integrated CMOS force timing
generator was proposed for pin electronics (PE) [6]. The real-
ized programmable delay lines consisted of three different delay
elements: a shift register for coarse delay adjustment, an inverter
chain for the finer resolution generation, and a set of ratioed
inverter delays for the finest resolution formation. The effec-
tive resolution was 600 ps. With an open-loop structure, the cir-
cuit was also vulnerable to PVT variations. One possible way
for suppressing PVT sensitivity is to adopt the close-loop neg-
ative feedback mechanism of the locked loops. An array of
delay-locked loops (DLLs) with delay elements in each loop
was proposed to generate a small phase difference by interlacing
their output phases through the help of an additional DLL with
fewer delay elements in the delay chain. The DTC resolu-
tion was verified to be of the reference period and could
be made extremely fine with large [7]. However the DTC

1549-8328/$26.00 © 2009 IEEE



2 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 57, NO. 6, JUNE 2010

had totally DLLs or more specifically
delay elements which were not only much area-consuming but
also very hard to be matched. The effective resolution was real-
ized as 154 ps with an rms error of 44 ps.

By using a single cyclic delay line and phase interpola-
tors, a CMOS DTC was proposed to get 37.5 ps resolution and
5 ms programmable delay range. However, the INL error was
as large as 7 which could be reduced to
only with chip-by-chip calibration [8]. Instead, a CMOS DTC
was invented to reduce the device mismatch impact by storing
calibration data in high speed SRAMs. The operation frequency
range and the resolution were 400 MHz and 19.5 ps re-
spectively, but the output range was merely 2.5 ns and the INL
still reached 35 ps [9]. Due to the use of large quantity of calibra-
tion SRAMs, the chip size was increased tremendously. More
address/data bits of the calibration SRAMs must be consumed
to achieve finer resolution. A 100-fold increase in calibration
SRAM size might be required to achieve a resolution of several
picoseconds [10]. Another state-of-the-art DTC was presented
to get rid of the calibration SRAMs through the utilization of
a DLL to conquer the problems caused by PVT variations. Its
resolution reached 1.83 ps and the INL error was less than 8ps

ps [10], [11]. However, the monotonicity could only be en-
sured by using a 1-stage current-controlled high-linearity fine-
delay circuit with delay adjusted by two DACs. Also, active
noise cancellers were required to eliminate fluctuations
and a PLL/DLL multiple feedback system was utilized to elimi-
nate the timing drift and jitter. It made the circuit rather compli-
cated and very hard to design. Recently, a self-calibrating DTC
was proposed to claim a sub-picosecond resolution by using a
cascade of coarse active delay locked line and a passive pro-
grammable fine delay for phase interpolation [12]. An integrated
Dual Mixer Time Domain (DMTD) circuit was adopted to over-
come device mismatch and process variations for self-calibra-
tion. However, no experiment result was demonstrated to reveal
the actual performance of DTC.

Most conventional DTCs depend on full-custom design
which consumes much time and manpower. To alleviate the
need of full-custom design and hasten prototyping, FPGA
which is conventionally considered as a digital development
platform has been successfully applied to some analog appli-
cations such as smart temperature sensor and time-to-digital
converter, although it rarely happens [14], [15]. In this paper, a
vernier DTC realizable with modern FPGA chips is proposed
to expand FPGA application further into the analog field. It
will be proven to promise a resolution as fine as 1.58 ps and an
INL error less than . The remainder of the paper is or-
ganized as follows. Section II describes the operation principle
of the proposed circuit. Section III details the circuit structure.
Section IV discusses important FPGA implementation issues
and presents the measurement results. A summary of the paper
is given in Section V.

II. OPERATION PRINCIPLE

The vernier principle is widely applied to time-to-digital con-
verters with a typical timing diagram shown in Fig. 1(a)[16],
[17]. When signal arrives, signal is triggered to oscil-

Fig. 1. Timing diagrams of (a) the vernier TDC and (b) the proposed vernier
DTC.

late. Similarly, the occurrence of signal activates signal
to vibrate with a period slightly shorter than . Since
signal oscillates a little bit faster than signal, it will catch up
with signal after some oscillations. At the phase coincidence
of and signals, the input time width can be calculated as

(1)

where and are the number of oscillations before the phase
coincidence and the difference between and respectively.
Since the resolution equals the period difference, it can be
made rather fine even with low operation frequencies. However,
the measurement range is limited to one . If the TDC opera-
tion is reversed as depicted in Fig. 1(b), the vernier principle can
be applied likewise to create a brand new high-accuracy DTC.
Both and signals oscillate continuously with a small pe-
riod difference . After the phase coincidence of and
signals, each oscillation will induce one more delay be-
tween and signals. If both signals are programmed to os-
cillate cycles after phase coincidence to set and
signals respectively, the width of the output interval can also be
derived as

(2)

which is exactly proportional to the input value and success-
fully fulfills the function of digital-to-time conversion.

It deserves noticing that the output interval width is no longer
limited to one since no restriction is imposed on which can
be set to any value when necessary. However, the output latency
after phase coincidence reaches which will be turned out
to be unbearable for large . Fortunately, a single-stage vernier
TDC with self interpolation was invented to substantially ex-
pand the operation range of vernier principle with a timing di-
agram illustrated in Fig. 2(a) [18]. After the arrival of
signal, a coarse counter is utilized to count the activated
signal oscillations until signal arrives. Hereafter another
fine counter is stimulated to count the racing oscillations be-
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Fig. 2. Timing diagrams of (a) The single-stage vernier TDC with extended
operation range and (b) The modified vernier DTC.

Fig. 3. Simplified block diagram of the vernier DTC.

tween and signals before the next phase coincidence. The
input time width is derived as

(3)

where and represent the coarse and fine count values
correspondingly. The operation principle can also be reversely
applied to DTC for output latency reduction as depicted in
Fig. 2(b) where and are the down counters
clocking by and signals respectively to count the cycles
for setting and signals. After phase coincidence,
both counters begin counting and the first cycles of and

signals are used to generate delay difference between
and signals. Afterward is allowed to count

extra cycles for generating additional delay difference.
The output time width becomes

(4)

Fig. 4. Schematic of the output pulse generator.

Fig. 5. Realized circuit of the proposed DTC with 50% duty cycle.

For a given output width in Fig. 1(b) or equivalent
in Fig. 2(b), we have

(5)

where denotes the largest integer less than or equal to
and mod computes the remainder of . Usually,
is designed to be much smaller than . The output latency is
reduced to merely which is tremendously less than for
wide output.

III. CIRCUIT DESCRIPTION

Fig. 3 shows the simplified block diagram of the proposed
DTC which directly realizes the digital-to-time conversion func-
tion described in Fig. 2(b). Two oscillators with very close pe-
riods of and are utilized to generate the resolution as
fine as possible. Theoretically, a simple D-type flip-flop (DFF)
with and signals as the clock and data inputs is good
enough to be the phase detector for phase coincidence detec-
tion. Its output signal is used to trigger the corresponding
output pulse generators of and signals. Fig. 4 de-
picts the proposed circuit for the output pulse generator. Before
the rise edge of signal, the preset count value or
is loaded into down counter or . After or

counts to 0, the asynchronous clear of will be re-
leased. When the next rise edge of or signal arrives, the
outputs of and will be triggered in turn to set
or signal to 1 as required in Fig. 2(b). However, when
the rise edges of and signals get too close to each other,
the meta-stability problem will cause the phase detector to mal-
function and the phase coincidence cannot be detected perfectly.
Although an additional flip-flop can be inserted after the phase
detector to wait one more period of signal before sampling
the phase detector output to form the so called synchronization
register chains [19], the probability of meta-stability can only be
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Fig. 6. Schematics of the period signal generator and the modified output pulse generator.

Fig. 7. Timing diagram of the modified output pulse generator.

reduced instead of completely eliminated [20]. If the meta-sta-
bility occurs, the phase coincidence detection will be postponed
by one to induce one error in the output width. Moreover,
the insertion of the meta-stability suppression flip-flop causes
another delay for activating and output pulse
generators. Consequently, it provokes one more error which
can be compensated for by subtracting one from the input value
at the expense of more complicated circuit.

For error reduction, the circuit of the proposed DTC is mod-
ified as shown in Fig. 5. Since the rise edges of and sig-
nals can be synchronized to that of signal by bang-bang
phase-locked loops, no phase detector is required for phase co-
incidence detection. Each rise edge of signal indicates one
phase coincidence of and signals. A period signal gen-
erator is added to set the output repetition rate and two output
pulse generators are employed to generate and sig-
nals with a delay difference set by the DTC input. As depicted
in Fig. 6, the period signal generator can be simply realized by
a reloadable down counter with a reloading cycle equal to one
half of the desired output period followed by a divide-by-two
counter to generate the period signal with 50% duty cycle.
The output pulse generator is also modified from Fig. 4 to en-
sure 50% duty cycles for and signals. The cor-
responding timing diagram is illustrated in Fig. 7. For setting

signal, is preloaded by
before the rise edge of signal and then activated to count

by the rise edge of signal. When counts
to 0, the state of will be latched to set
output. A similar operation is adopted for resetting
signal. It makes signal an exact replica of
signal with delay. With a symmetric signal,

and signals are also guaranteed to own 50% duty
cycle.

Since all logic gates in the output pulse generator are syn-
chronized to or signal, the timing error caused by the
latency mismatch among , , or signals can
be minimized if the timing mismatch is controlled under one

or . Similarly, the arrival time mismatch between and
signals seen at the input ports of the output pulse genera-

tors will effectively impose an offset on DTC output. A suit-
able number of dummy delay cells can be inserted in the output
path of or signal to reduce the offset to an accept-
able level. Alternatively, the Altera Quartus II software offers
push-button netlist optimizations and physical synthesis options
that can improve design performance at the expense of consid-
erable increases of compilation time and area [21]. For example,
the set_input_delay constraint is used to specify the data arrival
times of and signals with respect to the reference clock

to minimize the DTC output offset.
Since both coarse delay and fine delay are gener-

ated by the same phase-locked loops, the coarse to fine resolu-
tion ratio will be accurately maintained by the negative
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feedback mechanism of the phase-locked loops. It assures the
performance of the proposed DTC is insensitive to PVT vari-
ations. Assume the divisors of and frequency di-
viders (or prescalers) in Fig. 5 are designed to be and re-
spectively, the periods and can be derived as

(6)

With larger than , the effective resolution becomes

(7)

The coarse to fine resolution ratio equals

(8)

To produce a given output width , the corresponding values
of and can be derived from (5) to be

(9)

To ease the above decomposition calculation of and , the
divisors and are recommended to be designed as and

respectively. and become and
. By (7), the effective resolution can be derived as

(10)

which can be made extremely fine with large . The coarse to
fine resolution ratio becomes exactly. By (9), and

are recalculated as

(11)

For an N-bit DTC, and can be simplified as the (N-K)-bit
MSB value [ : ] and the K-bit LSB value [ : ]
correspondingly. The complicated division hardware described
in (9) is no longer needed. The simplified input processing cir-
cuit for and is drawn in Fig. 8 where only
needs K input bits to load the value [ : ] of . However,
the maximum value of is

(12)

The number of bits is required to be
at least. In practical realization, and are designed
to have the same number of input bits to equalize their trans-
mission delays for reducing DTC offset at the expense of more
logic gates utilized.

IV. FPGA IMPLEMENTATION AND EXPERIMENTAL RESULTS

Except for the phase-locked loops, all sub-circuits in Fig. 5
only utilize standard digital logic gates and can be readily

Fig. 8. Input processing circuit for ��� and ��� .

Fig. 9. Simplified PLL block diagram for the adopted Altera and Xilinx
FPGAs.

TABLE I
PLL SPECIFICATIONS FOR THE ADOPTED FPGAS

implemented with FPGA chips. Moreover, current FPGA
chips usually embed several high performance phase-locked
loops which can be used as and . By full FPGA
realization, the design effort and cost of the proposed DTC can
be significantly reduced. For function verification and perfor-
mance evaluation, Xilinx Virtex-5, Altera Stratix II GX and
Altera Stratix III FPGAs are adopted for circuit implementa-
tion. Since the DTC accuracy is dominated by the phase-locked
loop performance, the simplified bang-bang PLL block dia-
gram of the above FPGAs is re-plotted in Fig. 9 along with
the important parameters listed in Table I for design reference
[23]–[25]. To achieve the finest resolution, the divisors (M) of
PLL output frequency dividers should be designed the closest
to each other.

For Xilinx Virtex-5 FPGA, the PLL output frequency
is limited to 450 MHz. The finest resolution can be gotten by
setting the input frequency to 28.125 MHz, the output fre-
quency devisor M to 63/64, the input reference divisor D to 2
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Fig. 10. Measured output width versus input value for Virtex-5 FPGA DTC.

and the post-scale counter divisor C to 2. The output frequency
can be derived as

(13)

We have

MHz
ns

MHz
ns

The effective resolution becomes

ps (14)

To figure out the actual performance, the output interval width
of Xilinx FPGA DTC was measured from to for every
input value to validate both coarse and fine resolutions. The ref-
erence clock was generated by Agilent 81130A 400/660 MHz
Pulse/Pattern Generator. The delay difference between
and signals was accurately measured by Tektronix DPO
70404 digital oscilloscope with 25 GS/s real time sample rate.
Unlike the conventional versions, the proposed DTC has no de-
vice mismatch problem and thus possesses excellent linearity
as shown in Fig. 10. The DNL and INL errors are verified to
be merely and as depicted in
Figs. 11 and 12 respectively, It ensures that every input bit is
valid. The realized DTC only utilizes 473 slice LUTs, 117 slice
registers and 2 phase-locked loops.

Under the constraint of MHz, the DTC imple-
mented with Altera Stratix II GX FPGA was verified to own
an effective resolution of 3.56 ps with MHz,

, and [26]. The DTC output was
measured from to for every input value to reveal
the excellence of the propose circuit as redrawn in Fig. 13.
The DNL and INL errors are calculated to be
and only as replotted in Figs. 14 and
15 correspondingly. Again, the INL error is small enough to
ensure every input bit is valid. To demonstrate the stability of
the DTC against temperature variation, the measurement was
done for every 20 to cover the temperature operation range ,

85 , of the FPGA chip in a Programmable Temperature

Fig. 11. Measured DNL error for Virtex-5 FPGA DTC.

Fig. 12. Measured INL error for Virtex-5 FPGA DTC.

& Humidity Chamber MHU-408LRBDA. Fig. 16 depicts the
measurement result of the Stratix II GX FPGA DTC under
temperature variation for the effective resolution which only
spreads over 3.574 ps for a wide temperature range
of 85 . The deviation is merely 0.4 which may be
caused solely by the finite accuracy of the measurement equip-
ments since all PVT variations are supposed to be automatically
calibrated out by phase-locked loops. The DTC functions well
with 49 input bits and the adjustable operation range is verified
to be as large as 33.4 minutes.

To pursue the finer than ever resolution, Altera Stratix III
FPGA was also adopted for DTC realization. In contrast to
Stratix II version, the PLL output frequency can be set as
high as 1600 MHz for driving internal circuits. The resolution
can be made even higher than that of Stratix II DTC. However
the values of the input reference divisor , output frequency
devisor and post-scale counter divisor are optimized auto-
matically before compilation by the Altera Quartus II software.
Some DTC design flexibility is lost. The finest resolution is
accomplished by setting MHz, ,

and . We have

MHz
ps

MHz
ps

The effective resolution reaches

ps (15)
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Fig. 13. Measured output width versus input value for Stratix II GX FPGA
DTC.

Fig. 14. Measured DNL error for Stratix II GX FPGA DTC.

Fig. 15. Measured INL error for Stratix II GX FPGA DTC.

For such an extraordinary fine resolution, the DTC output was
still measured from to for every input value as illus-
trated in Fig. 17. The DNL and INL errors are calculated to be
merely and as
shown in Figs. 18 and 19 correspondingly. The DTC functions
well with 51 input bits and the adjustable operation range is ver-
ified to be as large as 59.3 minutes.

For multi-channel realization, the logic utilizations of
Vertex-5, Stratix II GX and Stratix III FPGAs are summarized
in Table II. Except for two shared phase-locked loops, only 422

Fig. 16. Temperature sensitivity of the effective resolution for Stratix II GX
FPGA DTC.

Fig. 17. Measured output width versus input value for Stratix III FPGA DTC.

Fig. 18. Measured DNL error for Stratix III FPGA DTC.

adaptive LUTs and 84 logic registers in average are consumed
for each channel implemented with Stratix III FPGA. The max-
imum numbers of realizable DTC channels for Vertex-5, Stratix
II GX and Stratix III FPGAs are 321, 271 and 224 respectively.
The power consumption per channel of Stratix III FPGA DTC
is simulated by PowerPlay Early Power Estimator to be 3.04
mW which is significantly reduced from its predecessors’.

Since the Altera FPGA owns both wider operation frequency
range and larger divisor adjustment flexibility, the achievable
DTC resolution is much finer than that of Xilinx FPGA. The
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Fig. 19. Measured INL error for Stratix III FPGA DTC.

TABLE II
LOGIC UTILIZATION FOR MULTI-CHANNEL IMPLEMENTATION

TABLE III
SPECIFICATIONS FOR ALTERA AND XILINX FPGA DTCS

fulfilled specifications of all Altera and Xilinx FPGA DTCs are
summarized in Table III for easy comparison.

V. CONCLUSIONS

The proposed DTC utilizes a single vernier delay stage to
realize the digital-to-time conversion function. Since the DTC
fully adopts the close-loop operation which is stabilized by
two phase-locked loops, both of the coarse and fine resolutions

are promised to be insensitive to PVT variations. Realized
with Altera Stratix III FPGA, the proposed DTC is verified
to own the finest measured resolution of 1.58ps, the widest
operation range of 59.3 minutes, the least power consumption
per channel of 3.04 mW and the smallest measured error of

1.19 ps till now. The effective resolution only devi-
ates 0.034 ps over the full temperature operation
range of the FPGA chip. The performance is even better than
that of some commercial digital pulse generator with list price
over tens of thousand US dollars [15]. Moreover, with FPGA
realization, the circuit porting is proven to be very easy for
BIST or embedded applications. It makes the proposed DTC
excellent for low cost but high accuracy instrumentation or
testing applications. The comparison among different DTCs is
concluded in Table IV for quick reference.
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