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57 ABSTRACT

According to one embodiment, a multi-bit delta-sigma time
digitizer circuit includes a delay array including delay selec-
tion circuits respectively including a delay element and a
multiplexer, a phase comparator calculating a time difference,
an integrator integrating the time difference output, a flash
A/D converter executing digital conversion, a ring oscillation
circuit including the delay array, a counter measuring a num-

(30) Foreign Application Priority Data ber of clock signal pulses, a memory storing a delay value of
the delay element, and a processor correcting an output result
Feb. 16,2012 (IP) ceeevervrcvcercnenee 2012-031484 of the A/D converter based on the delay value when the rising
Dec.3,2012  (JP) oo 2012-264178 timing interval is measured.
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FIG.3
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MULTI-BIT DELTA-SIGMA TIME DIGITIZER
CIRCUIT AND CALIBRATION METHOD
THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based upon and claims the ben-
efit of priority from Japanese Patent Applications No. 2012-
031484, filed Feb. 16,2012; and No. 2012-264178, filed Dec.
3, 2012, the entire contents of all of which are incorporated
herein by reference.

FIELD

[0002] Embodiments described herein relate generally to a
multi-bit delta-sigma (AZ) time digitizer circuit, which can
improve linearity of an output, and a calibration method
thereof.

BACKGROUND

[0003] In recent years, a AX TDC (Time-to-Digital Con-
verter) which is required to measure a time difference
between two repetitive clocks with high time resolution and
by a simple circuit has been proposed. By configuring this AX
TDC as a multi-bit circuit, finer measurement can be attained
for an identical measurement time compared to a 1-bit circuit.
[0004] However, in the multi-bit circuit, since the number
of delay elements increases, delay values of a plurality of
delay elements may vary relatively. When such delay mis-
match has occurred, if an output calculation is made intact, an
output result becomes nonlinear, thus causing a measurement
ertor.

[0005] Also, a method of making error correction by esti-
mating error components of an internal DAC ofa AX ADC in
a digital manner has been reported. With this method, correc-
tion is attained by subtracting estimated error components at
the output timing. However, this error correction method is
not used in the TDC.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 is a block diagram showing the circuit
arrangement of a multi-bit AX time digitizer circuit according
to the first embodiment;

[0007] FIG. 2 is a flowchart showing an overview of a
self-calibration method of the multi-bit AZ time digitizer
circuit according to the first embodiment;

[0008] FIG. 3 is a flowchart showing a method of measur-
ing and calculating delay values and storing the delay values
in amemory in step ST1 shown in FIG. 2 according to the first
embodiment;

[0009] FIG. 4includes views for explaining a measurement
method of a delay value in step ST1 shown in FIG. 2 accord-
ing to the first embodiment;

[0010] FIG. 5 is a block diagram for explaining the mea-
surement operation of a delay value in step ST1-1 shown in
FIG. 3 according to the first embodiment;

[0011] FIG. 6 is a block diagram for explaining the mea-
surement operation of a delay value in step ST1-2 shown in
FIG. 3 according to the first embodiment;

[0012] FIG. 7 includes views for explaining a method of
measuring a rising timing interval between clocks in step ST2
shown in FIG. 2 according to the first embodiment;
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[0013] FIG. 8includes timing charts showing measurement
of the rising timing intervals between clocks in step ST2
shown in FIG. 2 according to the first embodiment;

[0014] FIG.9isablock diagram for explaining a method of
reading out and correcting delay data in steps ST3 and ST4
shown in FIG. 2 according to the first embodiment;

[0015] FIG. 10 includes views for explaining a correction
method of an output signal in step ST4 shown in FIG. 2
according to the first embodiment;

[0016] FIG. 11 is a view for explaining the correction
method of an output signal in step ST4 shown in F1G. 2 in case
of a 3-bit circuit according to the first embodiment;

[0017] FIG. 12 includes tables showing conditions 1 and 2
of delay parameters used in simulation of the multi-bit AZ
time digitizer circuit according to the first embodiment;
[0018] FIG. 13 includes graphs showing simulation results
(condition 1, the number of outputs: 99 points) of the multi-
bit AZ time digitizer circuit according to the first embodi-
ment;

[0019] FIG. 14 includes graphs showing simulation results
(condition 1, the number of outputs: 599 points) of the multi-
bit AX time digitizer circuit according to the first embodi-
ment;

[0020] FIG. 15 includes graphs showing simulation results
(condition 2, the number of outputs: 99 points) of the multi-
bit AZ time digitizer circuit according to the first embodi-
ment;

[0021] FIG. 16 includes graphs showing simulation results
(condition 2, the number of outputs: 599 points) of the multi-
bit AZ time digitizer circuit according to the first embodi-
ment;

[0022] FIG. 17 is a block diagram showing the circuit
arrangement of a multi-bit AZ time digitizer circuit according
to the second embodiment;

[0023] FIG. 18 is a flowchart showing a method of measur-
ing and calculating delay values and storing the delay values
in a memory in step ST1 shown in FIG. 2 according to the
second embodiment;

[0024] FIG. 19 is a block diagram for explaining a mea-
surement method of a delay value in step ST1-11 shown in
FIG. 18 according to the second embodiment;

[0025] FIG. 20 is a block diagram for explaining a mea-
surement operation of a delay value in step ST1-12 shown in
FIG. 18 according to the second embodiment;

[0026] FIG. 21 is a block diagram for explaining a mea-
surement operation of a delay value in step ST1-13 shown in
FIG. 18 according to the second enbodiment;

[0027] FIG. 22 is a block diagram for explaining a method
of reading out and correcting delay data in steps ST3 and ST4
shown in FIG. 2 according to the second embodiment;
[0028] FIG. 23 isaview for explaining a correction method
of an output signal in step ST4 shown in FIG. 2 according to
the second embodiment;

[0029] FIG. 24 is a schematic block diagram showing the
circuit arrangement in case of a secondary modulator in a
multi-bit AZ TDC modulator according to the third embodi-
ment;

[0030] FIG. 25 is a schematic block diagram showing the
circuit arrangement in case of an N-ary modulator in the
multi-bit AZ TDC modulator according to the third embodi-
ment;

[0031] FIG. 26 is a circuit diagram showing the arrange-
ment of a multi-bit AZ TDC modulator unit according to
respective embodiments;
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[0032] FIG. 27 includes circuit diagrams showing the
arrangement of a delay selection circuit according to respec-
tive embodiments;

[0033] FIG. 28 includes circuit diagrams showing the
arrangement of a delay element according to respective
embodiments;

[0034] FIG. 29 shows the circuit arrangement and timing
chart of a phase comparator according to respective embodi-
ments;

[0035] FIG. 30 includes timing charts of the phase com-
parator according to respective embodiments;

[0036] FIG. 31 includes circuit diagrams showing the
arrangement of a charge pump circuit according to respective
embodiments;

[0037] FIG. 32 is a circuit diagram showing the connection
relationship between the phase comparator and charge pump
circuit according to respective embodiments;

[0038] FIG. 33 is a circuit diagram showing the arrange-
mentof a flash A/D converter according to respective embodi-
ments;

[0039] FIG. 34 is a graph for explaining the output of the
flash A/D converter according to respective embodiments;
[0040] FIG. 35 is a circuit diagram for explaining the
improvement example of ring oscillation circuit according to
respective embodiments; and

[0041] FIG. 36 is a timing chart for explaining the improve-
ment example of ring oscillation circuit according to respec-
tive embodiments.

DETAILED DESCRIPTION

[0042] In general, according to one embodiment, a delta-
sigma time digitizer circuit is a multi-bit delta-sigma time
digitizer circuit, which measures a rising timing interval
between a first clock signal and a second clock signal, the
circuit comprising: a delay array which includes a plurality of
delay selection circuits respectively having a delay element
and a multiplexer, and is configured to delay one of the first
clock signal and the second clock signal; a phase comparator
configured to calculate a time difference according to an
output signal of the delay array; an integrator configured to
integrate the time difference output from the phase compara-
tor; a flash A/D converter configured to execute digital con-
version according to an integration result of the integrator; a
ring oscillation circuit configured to include the delay array;
acounter configured to measure a number of pulses of a clock
signal which passes through the ring oscillation circuit; a
memory configured to store adelay value of the delay element
calculated from an oscillation frequency based on the number
of pulses; and a processor configured to correct an output
result of the A/D converter based on the delay value stored in
the memory when the rising timing intervals between the first
clock signal and the second clock signal input to the delay
array is measured.

[1] Overview

[0043] Inamulti-bit delta-sigma (AX) time digitizer circuit
of the embodiment, before the beginning of measurement of
a time difference between repetitive clocks, actual delay val-
ues of respective delay elements are self-measured, and an
output is self-calibrated (corrected) based on the actual delay
values at the measurement timing of the time difference
between repetitive clocks.
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[0044] 1Inthe self-measurement of the respective delay val-
ues according to the embodiment, multiplexers are controlled
to connect delay elements one by one to configure a ring
oscillation circuit, and an actual delay value is calculated by
calculating an oscillation frequency based on the number of
pulses measured by a counter.

[0045] 1In the output correction according to the embodi-
ment, a method similar to an error correction method of a
DAC in a AZ ADC is used, and is applied to a multi-bit AZ
TDC. In a calculation of outputs measured by the AZ TDC, if
a comparator output is 1, an output is added as 1; if it is 0, an
output is added as —t, and an average value of the sum is a
measurement value. At the time of this calculation, self-cali-
bration is executed using the self-measured actual delay val-
ues.

[0046] Conventionally, when a multi-bit AX TDCis used, a
measurement time can be shortened compared to a 1-bit cir-
cuit, buta problem of a nonlinear output is posed due to errors
of delay elements. However, according to the embodiment,
by outputting a measurement value in consideration of delay
values including errors, linearity can be improved, and mea-
surement errors caused by delay errors can be suppressed.
[0047] Embodiments of the present invention will be
described hereinafter with reference to the drawings. In the
following description, common reference numerals denote
common parts throughout the figures.

[2] First Embodiment

[0048] [2-1] Circuit The circuit arrangement of a multi-bit
AZ time digitizer circuit according to the first embodiment
will be described below with reference to FIG. 1. The multi-
bit AZ time digitizer circuit of this embodiment inputs two
clock signals CLK1 and CLK2, and measures a rising timing
interval (time difference) T between them. Note that this
embodiment will exemplify a 3-bit circuit, but the number of
bits can be variously changed.

[0049] As shown in FIG. 1, a multi-bit AX time digitizer
circuit 1 according to the first embodiment includes a multi-
bit AZ time TDC modulator unit 100 and external circuit unit
200.

[0050] The multi-bit AX time TDC modulator unit 100
includes a delay array 110, phase comparator 120, integrator
130, flash ADC (Analog-to-Digital Converter) 140, and tim-
ing generator 150. The delay array 110 includes a plurality of
delay selection circuits 110- (in this example, n=1 to 7).
Each delay selection circuit 110-# includes a delay element
112-n (in this example, n=1 to 7), and multiplexers (MUX)
(selectors) 111-n, 113-», and 114-» (in this example, n=1 to
7.

[0051] Theexternal circuitunit 200 includes a DSP (Digital
Signal Processor) 210, memory (storage unit) 220, counter
230, inverter 240, and multiplexer 250. The DSP 210 may be
a processor of another type, for example, a CPU (Central
Processing Unit).

[0052] Inthe AZ time digitizer circuit 1 ofthis embodiment,
the delay array 110, inverter 240, and multiplexer (MUX) 250
configure a ring oscillation circuit 300.

[0053] Insuchmulti-bit AX time digitizer circuit 1, an over-
view of the time difference measurement between the repeti-
tive clock signals CLK1 and CLK2 is as follows. One of the
clock signals CLK1 and CLK2 is delayed by the delay array
110 according to an output result D,,,, of the flash ADC 140.
Output signals CLK1a and CLK2a of the delay array 110 are
input to the phase comparator 120. The phase comparator 120
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logically ANDs a Mask signal (faster one of the signals
CLK1a and CLK2a) and the respective clock signals CLK1a
and CLK2a, and calculates a time difference CLK,, between
signals CLK1b and CLK2b as AND results. The integrator
130 integrates the time difference CLK,, in a voltage mode,
and outputs a value INT_ . The flash ADC 140 outputs a
digital value D, according to the value INT,_ . In this case,
the operation of the flash ADC 140 is controlled by a clock
CK. Next, the DSP 210 corrects D, based on actual delay
values, which are measured using the ring oscillation circuit
300 and are stored in the memory 220, and outputs A_,,,.
[0054] In this case, in the measurement of delay values
using the ring oscillation circuit 300, the delay elements
112-7 in the delay array 110 are connected one by one under
the control of the multiplexers 111-7, 113-, 114-, and 250,
and an oscillation frequency is calculated based on the num-
ber of pulses measured by the counter 230, thus calculating an
actual delay value. This delay value is stored in the memory
220. When the delay value is measured using the ring oscil-
lation circuit 300, the multiplexers 111-x, 113-%, 114-n, and
250 are controlled by the DSP 210 (or CPU).

[0055] Note that the multi-bit AZ time digitizer circuit 1
according to this embodiment requires (2-1) delay selection
circuits 110 (delay elements 112) to configure the N-bit AZ
time TDC modulator unit 100.

[0056] [2-2] Self-calibration Method

[0057] An overview of a self-calibration method of the
multi-bit AX time digitizer circuit according to the first
embodiment will be described below with reference to F1G. 2.
[0058] Initially, delay values T+At,, of the respective delay
elements 112-r are self-measured using the ring oscillation
circuit 300, and delay data are stored in the memory 220 (step
ST1). Next, the clock signals CLK1 and CLK?2 are input to the
AZ time TDC modulator unit 100 which measures a rising
timing interval between the signals CLK1 and CLK2 (step
ST2). The delay data are read out from the memory 220
according to this measurement result (step ST3), and the DSP
210 corrects an output signal (step ST4).

[0059] [2-2-1] Step ST1

[0060] An overview of step ST1in FIG. 2 will be described
below with reference to FIGS. 3 and 4. Note that a case of 3
bits will be exemplified below.

[0061] Asshownin FIG. 3, in step ST1 shown in FIG. 2, a
step of measuring and calculating a delay value t+At,, of the
delay element 112-7, and storing the result in the memory 220
is repeated by the number n of delay elements 112-7.

[0062] Asshownin (a) of FIG. 4, the delay value T+Art,, of
the delay element 112-» is self-measured using the ring oscil-
lation circuit 300. In this case, as shown in (b) of FIG. 4, the
number of pulses of an oscillation clock signal CLK . of the
ring oscillation circuit 300 is counted by the counter 230
using a reference clock signal CLK,; thus calculating an
oscillation frequency f. This oscillation frequency f of the
oscillation clock CLK . is given by:

1 equation (1)

f=3

where T' is a delay value of the inverter 240. t+At,, is a delay
value (including an error At,,) of the delay element 112-7.
[0063] Then, as shown in (c) of FIG. 4, the error At,; of the
delay value is calculated from the oscillation frequency f
using this equation (1).
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[0064] Step ST1 in FIG. 2 will be described below with
reference to FIGS. 5 and 6 taking, as an example, a case of the
seven delay elements 112-1 to 112-7 according to this
embodiment.

[0065] Initially, as shown in FIG. 5, a first delay value delay
value T+At, of the first delay element 112-1 is measured and
calculated, and the result is stored in the memory 220 (step
ST1-1inFIG. 3). More specifically, using the ring oscillation
circuit 300, the number of pulses of the oscillation clock
signal CLK . which passes through the first delay element
112-1 of the first delay selection circuit 110-1 is measured by
the counter 230, thus calculating the oscillation frequency f.
Then, using equation (1), the first delay value t+At, of the
delay element 112-1 is calculated from the oscillation fre-
quency f of the clock signal CLK,.. The first delay value
T+AT, as the calculation result is stored in the memory 220.
[0066] Next, as shown in FIG. 6, asecond delay value delay
value T+At, of the second delay element 112-2 is measured
and calculated, and the result is stored in the memory 220
(step ST1-2 in FIG. 3). More specifically, as in step ST1-1,
using equation (1), the second delay value t+At, of the delay
element 112-2 is calculated from the oscillation frequency f
of the clock signal CLK ., and the second delay value t+At,
as the calculation result is stored in the memory 220.

[0067] After that, as in steps ST1-1 and ST1-2 in FIG. 3,
using equation (1), delay values T+At, to t+At, are calculated
from the oscillation frequency of the clock signal CLK ., and
these calculation results are stored in the memory 220 (step
ST1-3 to ST1-7 in FIG. 3).

[0068] As described above, in step ST1 in FIG. 2, the delay
values T+At,, of all the delay elements 112-» of the multi-bit
AX time digitizer circuit 1 are respectively measured and
calculated, and these results are stored in the memory 220.
[0069] [2-2-2] Step ST2

[0070] The method of measuring the rising timing interval
between clocks in step ST2 in FIG. 2 will be described in
detail below with reference to FIGS. 7 and 8.

[0071] Initially, the two clock signals CLK1 and CLK?2 are
input, and one of these signals is delayed by T according to the
outputresult D, , of the flash ADC 140 (see (b) and (¢) of FIG.
7). That is, a route of each of the two clock signals CLK1 and
CLK2 is selected as that which passes through a signal with-
out any processing or that which delays a signal via a delay
route according to 0 or 1 as the output result D, of the flash
ADC 140. A faster signal of the signals CLK1a and CLK2a
output from the delay array 110 serves as a Mask signal. In
this example, the clock signal CLK1a is delayed by T, and the
clock signal CLK2a serves as a Mask signal (see (d) of FIG.
7). Then, the phase comparator 120 logically ANDs the Mask
signal and the respective clock signals CL.K1a and CLK 24 to
adjust falling timings (see (e) and (f) of FIG. 7).

[0072] Subsequently, the time difference CLK,, between
the two signals CLK15 and CLK2b as the output results is
calculated. The integrator 130 converts the time difference
CLK,, into a voltage, and integrates that voltage in the voltage
mode, thus outputting the value INT,,, (see (g) of FIG. 7).
This output result INT_,, is converted into a digital value
using the flash ADC 140. As a result, outputs as many as bits
are output as a thermometer code. According to the output
resultD, ,ofthis thermometer code, the routes for passing the
respective signals CLK1 and CLK2 in response to the next
clock are selected. For this reason, delay times of the respec-
tive signals are changed depending on the output result D, of
the flash ADC 140. The rising timing interval between the
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clocks is calculated from the number of ““1”’s output form the
flash ADC 140. Note that the clock CK required to operate the
flash ADC 140 is generated using the timing generator 150 to
be shifted by T, after the signals CLK15 and CLK2b fall.
[0073] In this case, when the clock signal CLK1 is faster,
since the calculation result of the time difference between the
clock signal assumes a positive value, the comparison result
D,,.after integrationis 1. In this case, a delay route is selected
for the signal CLK1 and a through route is selected for the
signal CLK2 inresponse to the next clock. The timing chartin
this case is as shown in (a) of FIG. 8.

[0074] Conversely, when the clock signal CLK2 is faster,
since the calculation result of the time difference between the
clock signals assumes a negative value, the comparison result
D,,.after integrationis 0. In this case, a delay route is selected
for the signal CLK2 in response to the next clock. The timing
chart in such case is as shown in (b) of FIG. 8.

[0075] [2-2-3] Steps ST3 & ST4

[0076] Steps ST3 and ST4 in FIG. 2 will be described in
detail below with reference to FIGS. 9, 10, and 11. As shown
in FIG. 9, delay data is read out from the memory 220 accord-
ing to the measurementresult D, of the rising timing interval
between the signals CLK1 and CLK2 (step ST3 in FIG. 2),
and the DSP 210 corrects an output signal (step ST4 in FIG.
2).

[0077] As the output signal correction method, as shown in
(a)and (b) of FIG. 10, measurement results D, (for example,
3, 4, and 5) are corrected to values A_,,, (for example, 3.13,
3.95, and 5.02) including the delay errors At,, read out from
the memory 220.

[0078] More specifically, assume that measurement results
D,,.1 to D,,7 of the rising timing intervals between the
signals CLK1 and CLK?2 ofthe first to fifth measurements are
respectively “11110007,11111007,“11111007,“11110007,
and “11111007, as shown in FIG. 11.

[0079] In this case, in the conventional case without cor-
rection, values A are respectively 0.145 ns, 0.435 ns, 0.435 ns,
0.145 ns, and 0.435 ns, and a rising timing interval T, ., 1
0.319 ns.

[0080] On the other hand, in the case with correction
according to the present invention, since delay errors are
included, values A are respectively 0.141 ns, 0.431 ns, 0.431
ns, 0.141 ns, and 0.431 ns, and a rising timing interval T, -
sure 18 0.315 11s.

[0081] Note that the value A is given by:

obit_| equation (2)

A= Z (=7 +27; - Do)
i=1

[0082] Also, the interval T is given by:

measure

N equation (3)
Toeaswe = ) AN
1

[0083] where N is the number of times of comparison.
[0084] [2-3] Effect
[0085] Operation recognition results of the multi-bit AX

time digitizer circuit 1 according to this embodiment by a
MATLAB® simulator will be described below with reference
to FIGS. 12. 13, 14, 15, and 16.
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[0086] Delay parameters generated for simulation include
conditions 1 and 2, as shown in FIG. 12. In this case, delay
variations were randomly generated using a Gaussian distri-
bution, and were set to have an error of about £10% of
7=0.145 ns in maximum. FIGS. 13 and 14 show a case of
condition 1, and FIGS. 15 and 16 show a case of condition 2.
[0087] As asimulation condition, a 3-bit AZ time digitizer
circuit was used, a delay time t of a delay cell was set to be
=1 ns, and a rising timing interval T between the clock
signals CLK1 and CLK2 was changed from T=-0.9 ns to
T=0.9 ns in increments 0f 0.04 ns. Also, the number of outputs
was 99 (points: 99 times of comparison) in FIGS. 13 and 15,
and was 599 (points: 599 times of comparison) in FIGS. 14
and 16.

[0088] InFIGS.13,14,15, and 16, graphs (a) show plots of
intervals T, . with respect to rising timing intervals T
between the clocks, and in FIGS. 13, 14, 15, and 16, graphs
(b) show differences from ideal lines after simulation of the
3-bit AZ time digitizer circuit under such conditions. Trian-
gular plots indicate the case without correction (related art),
and circular plots indicate the case with correction (this
embodiment).

[0089] As can be seen from graphs (a) of FIGS. 13, 14, 15,
and 16, the intervals T, change according to the rising
timing intervals T between the clocks, and their values change
linearly. Also, as can be seen from graphs (b) of FIGS. 13, 14,
15, and 16, in the case with correction, a difference from the
ideal line is smaller than the case without correction. Further-
more, when the number of outputs is larger, the difference
becomes closer to the ideal line.

[0090] As described above, according to the first embodi-
ment, before the time difference between the repetitive clocks
1s measured, actual delay values of the respective delay ele-
ments are self-measured, and an output result is then cor-
rected based on the actual delay values at the measurement
timing of the time difference between the repetitive clocks. In
this manner, since the result is output in consideration of the
delay values including errors, the linearity can be improved,
and measurement errors due to delay errors can be sup-
pressed.

[0091] Also, in case oferror correction of the existing DAC,
since a signal is “voltage” or “current”, it is difficult to easily
and accurately measure a mismatch between unit cells. How-
ever, in case of the present invention, since a signal is “time”,
a delay value can be easily and accurately measured.

[3] Second Embodiment

[0092] The second embodiment will exemplify a case in
which a self-measurement time of delay values is shortened.
Note that the second embodiment will mainly explain differ-
ences from the first embodiment.

[0093] [3-1] Circuit

[0094] The circuit arrangement of a multi-bit AX time digi-
tizer circuit according to the second embodiment will be
described below with reference to FIG. 17. Note that this
embodiment will exemplify a 3-bit circuit, but the number of
bits can be variously changed.

[0095] Inthe first embodiment, all the delay values t of the
plurality of delay elements 112-# are constant, and (2¥-1)
delay elements 112-» are required to configure an N-bit AX
TDC.

[0096] By contrast, in the second embodiment, for
example, in case of a 3-bit AZ TDC, three delay elements
112-1 to 112-3 (delay selection circuits 110-1 to 110-3) are
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used, and they assume different delay values, that is, a delay
value of the delay element 112-1 is 4t, that of the delay
element 112-2 is 27, and that of the delay element 112-3 is .
Furthermore, in the second embodiment, an encoder 160 is
added to the output of the flash ADC 140.

[0097] [3-2] Self-calibration Method

[0098] Steps ST1 to ST4 in FIG. 2 will be described below
with reference to FIGS. 18,19, 20, 21,22, and 23 taking a case
of the three delay elements 112-1 to 112-3 according to this
embodiment as an example. In the second embodiment, step
ST1 in FIG. 2 is different from that in the first embodiment,
and simply includes three delay value measurement steps.

[0099] As shown in FIG. 19, a first delay value 4t+At, of
the first delay element 112-1 is measured and calculated, and
the result is stored in the memory 220 (step ST1-11 in FIG.
18). More specifically, using the ring oscillation circuit 300,
the number of pulses of an oscillation clock signal CLK .,
which passes through the first delay element 112-1 of the first
delay selection circuit 110-1, is measured by the counter 230
to calculate an oscillation frequency f. Then, using equation
(1), the first delay value 4t+At, of the first delay element
112-1 is calculated from the oscillation frequency f of the
clock signal CLK ., and is stored in the memory 220. Next,
as shown in FIG. 20, a second delay value 4t+At, of the
second delay element 112-2 is measured and calculated, and
the result is stored in the memory 220 (step ST1-12 in FIG.
18). Subsequently, as shown in FIG. 21, a third delay value
T+AT, of the third delay element 112-3 is measured and cal-
culated, and the result is stored in the memory 220 (step
ST1-13 in FIG. 18). After that, a rising timing interval
between signals CLK1 and CLK2 is measured (step ST2 in
FIG. 2).

[0100] Next, as shown in FIG. 22, delay data is read out
from the memory 220 according to the measurement result
D,,, of the rising timing interval between the signals CLK1
and CLK2 (step ST3 in FIG. 2), and the DSP 210 corrects an
output signal (step ST4 in FIG. 2).

[0101] As the output signal correction method, assume that
measurement results D, 1 to D, 3 of the rising timing inter-
vals between the signals CLK1 and CLK?2 of the first to fifth
measurements are respectively “100”, <1017, <1017, “100”,
and “1017, an ideal delay value t=0.145 ns, assumed errors
At,=0.0004 ns, At,=-0.007 ns, and At,=0.003 ns, as shown

in FIG. 23.

[0102] In the conventional case without correction, values
A are respectively 0.145 ns, 0.435 ns, 0.435 ns, 0.145 ns, and
0.435 ns, and a rising timing interval T, ... 15 0.319 ns.
[0103] On the other hand, in the case with correction
according to the present invention, since the delay errors At ,

At,, and AT, are included, values A are respectively 0.153 ns,
0.449 ns, 0.449 ns, 0.153 ns, and 0.449 ns, and a rising timing

interval T, ., 18 0.331 ns.
[0104] [3-3] Effect
[0105] According to the second embodiment, as in the first

embodiment, since the result is output in consideration of the
delay values including errors, the linearity can be improved,
and measurement errors due to delay errors can be sup-
pressed.

[0106] Furthermore, according to the second embodiment,
since the number of delay elements is reduced, the self-
measurement time of delay values can be shortened compared
to the first embodiment.
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[4] Third Embodiment

[0107] The first and second embodiments have exemplified
the primary modulator having one integrator 130, while the
third embodiment will exemplify an N-ary modulator having
two or more integrators 130-N.

[0108] The schematic arrangement of a multi-bit AX TDC
modulator unit 100 according to the third embodiment will be
described below with reference to FIGS. 24 and 25. Note that
in the third embodiment, details of the AX TDC modulator
unit 100 and the external circuit unit 200 are the same as those
in the first and second embodiments, and a description thereof
will not be repeated.

[0109] FIG. 24 shows a case of a secondary modulator
having two integrators 130-1 and 130-2. As shown in FIG. 24,
in case of the secondary modulator, a conversion result of a
time difference between delayed signals CLK1 and CLK2
into an analog voltage is an output of the integrator 130-1 of
the first stage. After that, a digital output one clock before
from the flash ADC 140 is converted into an analog output by
a DAC 170, and that analog output is subtracted from the
result of the first stage. This subtraction result is integrated by
the integrator 130-2 of the second stage, and the output of the
integrator 130-2 is converted using the flash ADC 140 to
obtain a digital output D,,,,. Route control of the delay array
110 is executed according to this output result D, .

[0110] FIG. 25 shows an N-ary modulator having N inte-
grators 130-N. As shownin FIG. 25, as for the circuit arrange-
ment including the N integrators 130-N, the number of com-
parators of the flash ADC 140 is 2V-1, the number of delay
elements is 2*'-1, and the number of outputs D, is 2V-1.
Note that N=2 in general, and the stability of the N-bit AZ
modulator does not pose any problem when it includes the N
integrators.

[0111] As described above, according to the third embodi-
ment, by applying the same arrangements as those of various
conventional ternary or higher AX ADCs, a ternary or higher
AZ TDC arrangement using the arrangement of the present
invention can be realized.

[0112] [3] Circuit Example of AX TDC

[0113] Circuit examples of a multi-bit AX TDC modulator
unit 100 used in the respective embodiments will be described
below. Note that the circuit of the AX TDC modulator unit 100
used in the respective embodiments is not limited to the
following examples, and may be variously changed.

[0114] [5-1] Overall Circuit Arrangement

[0115] As shown in FIG. 26, the multi-bit AX TDC modu-
lator unit 100 used in the respective embodiments includes a
delay array 110 having a plurality of delay selection circuits
110-n, a phase comparator 120, a charge pump circuit 180
having integrators 130, and a flash ADC 140. The respective
circuit components of such multi-bit A% TDC modulator unit
100 will be described in detail below.

[0116] [5-2] Delay Selection Circuit

[0117] The first and second examples of the delay selection
circuit 110-» used in the respective embodiments will be
described below with reference to (a) and (b) of FIG. 27.
[0118] As shown in (a) of FIG. 27, the delay selection
circuit 110 of the first example includes three multiplexers
111, 113, and 114, and one delay element 112.

[0119] Outputsignals of the multiplexers 111,113, and 114
are controlled according to an output result D_,,,. That is, the
multiplexer 111 inputs one of clock signals CLK1 and CLK2
to the delay element 112 according to the output result D_,,.
The multiplexer 113 outputs one of the clock signal CLK1
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and the output signal of the delay element 112 according to
the output result D_,.. The multiplexer 114 outputs one of the
clock signal CLK2 and the output signal of the delay element
112 according to the output result D_,,..

[0120] When the output result D_,, is “0”, for example, the
multiplexer 111 inputs the clock signal CLK2 to the delay
element 112, the multiplexer 113 outputs the clock signal
CLK1 intact, and the multiplexer 114 outputs an output signal
delayed by a delay value T by the delay element 112. That is,
when the output result D, is “0”, the delay selection circuit
110 delays the clock signal CLK2.

[0121] On the other hand, when the output result D, is
“17, for example, the multiplexer 111 inputs the clock signal
CLK1 to the delay element 112, the multiplexer 113 outputs
an output signal delayed by the delay value T by the delay
element 112, and the multiplexer 114 outputs the clock signal
CLK2 intact. That is, when the output result D, , is “1”, the
delay selection circuit 110 delays the clock signal CLK1.
[0122] As shown in (b) of FIG. 27, the delay selection
circuit 110 of the second example includes two delay ele-
ments 115 and 116, and two multiplexers 117 and 118.
[0123] Output signals of the multiplexers 117 and 118 are
controlled according to the output result D,,,. For example,
when the outputresultD,,,is “0”, the multiplexer 117 outputs
the clock signal CLK1 intact, and the multiplexer 118 delays
the clock signal CLK2 by the delay value t using the delay
element 116 and outputs the delayed signal. On the other
hand, when the output result D, , is “1”, for example, the
multiplexer 117 delays the clock signal CLK1 by the delay
value T using the delay element 115 and outputs the delayed
signal, and the multiplexer 118 outputs the clock signal CLK2
intact.

[0124] Examples of thedelay element ofthe delay selection
circuit 110 used in the respective embodiments will be
described below with reference to (a) and (b) of FIG. 28.
[0125] As shown in (a) of FIG. 28, the delay element
includes a plurality of (for example, 32) inverters INV. A
delay value of the delay element is, for example, 1 ns.
[0126] As shown in (b) of FIG. 28, each inverter INV
included in the delay element includes a PMOS transistor Tr1
and NMOS transistor Tr2. In the PMOS transistor Trl, for
example, a gate width Wp is 2.25 wm, and a gate length L is
180 nm. In the NMOS transistor Tr2, for example, a gate
width Wn is 750 nm, and a gate length L is 180 nm. In this
case, the gate width Wp of the PMOS transistor Trl:the gate
width Wn of the NMOS transistor Tr2 is, for example, 3:1.
[0127] [5-3] Phase Comparator

[0128] Anexample ofthe phase comparator 120 used in the
respective embodiments will be described below with refer-
enceto (a) and (b) of FIG. 29 and (a) and (b) of FIG. 30. Note
that in this case, a NAND phase comparator will be exempli-
fied below.

[0129] As shown in (a) of FIG. 29, the phase comparator
120 includes D-flip-flops 121 and 122 and a NAND gate 123.
The D-flip-flop 121 holds a value at a D input as a Q output
(V) at a timing of a leading edge of a clock signal CLK1a
input to a CK (CLOCK) input. The D-flip-flop 122 holds a
valueataD inputasaQoutput (V) atatiming ofaleading
edge of a clock signal CLK2a input to a CK (CLOCK) input.
[0130] Asshownin (b) of FIG. 29, in the phase comparator
120, the output V,, rises (goes to 1) at the timing of the
leading edge of the clock signal CLK1a, and the outputV ;...
rises (goes to 1) at the timing of the leading edge of the clock
signal CLK2a. When both the outputs V,, and V4,,,,, of the
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phase comparator 120 rise (go to 1), a reset signal Reset goes
t0 0, and the outputs V,, and V 4, also go to 0.

[0131] Asshownin (a) and (b) of FIG. 30, the outputs V.,
and V., as the outputs Q of the D-flip-flops 121 and 122 are
respectively decided by the timings of the leading edges of the
clock signals CLK1a and CLK2a. InFIG. 30, (a) shows a case
in which the leading edge of the signal CLK1a is earlier than
that of the signal CLK2a, and in FIG. 30, (b) shows a case in
which the leading edge of the signal CLK2a is earlier than
that of the signal CLK1a.

[0132] [5-4] Charge Pump Circuit
[0133] Examples of'the charge pump circuit 180 used in the

respective embodiments will be described below with refer-
ence 1o (a) and (b) of FIG. 31 and FIG. 32.

[0134] Inacharge pump circuit 180a of a basic type shown
in (a) of FIG. 31, an output V_ , may influence a current value
ofa current source. By contrast, in a charge pump circuit 1805
of an operational amplifier type shown in (b) of FIG. 31, a
current value keeps a constant value without being influenced
by the output V__,, and integration can be accurately attained.

[0135] Asshown in (b) of FIG. 31, the charge pump circuit
1805 of the operational amplifier type includes an operational
amplifier OP, switches SW1, SW2,and SW3, a resistor R, and
capacitor C. The switches SW1, SW2, and SW3 are config-
ured by PMOS transistors, NMOS transistors, and the like.

[0136] In the charge pump circuit 1806 of the operational
amplifler type, when the switch SW1 to which the output vV, ,
of the phase comparator 120 is input is turned on, the capaci-
tor Cis charged. On the other hand, when NMOS switch SW2
to which the output V,,,,, of the phase comparator 120 is
input is turned on, the capacitor C is discharged. In this way,
the switches SW1 and SW2 are controlled by the input volt-
agesV and V..

[0137] As shown in FIG. 32, the phase comparator 120 and
charge pump circuit 180 are connected by adding inverters
INV. That is, a switch SW1-1 is controlled by an inverted
signal of the output V, ,, a switch SW2-1 is controlled by the
output V..., a switch SW1-2 is controlled by an inverted
signal of the output vV, ,,,, and a switch SW2-2 is controlled
by the output V., .

[0138] [5-5] Flash ADC

[0139] Anexampleofthe flash ADC 140 used in the respec-
tive embodiments will be described below with reference to
FIGS. 33 and 34. Note that a 3-bit circuit will be exemplified
below.

[0140] The flash ADC 140 includes a combination of a
differential arrangement and dynamic resistor ladder. The
flash ADC 140 outputs a digital value according to a differ-
ence (AV) between the outputs V,,+ and V- of the charge
pump circuit 180. For example, when the difference AV is
=350 mV or lower, the flash ADC 140 outputs “0000000”,
and when the difference AV is 350 mV or higher, it outputs
“11111117.

[0141]
cuit

[6] Improvement Example of Ring Oscillation Cir-

[0142] A frequency f, of the aforementioned ring oscilla-
tion circuitis a function of the delay value t. This delay value
T is an average value of T, and T, and is expressed by:

T=(T,47)/2

where T, is a delay value when a buffer output rises from low
level to high level. 1,is a delay value when the buffer cutput
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falls from high level to low level. When rising timings of two
signals are to be measured, only the rising delay valuet, of the
buffer is required.

[0143] However, when', and t are different, the aforemen-
tioned ring oscillation circuit often may not accurately mea-
sure T,.

[0144] Hence, in this case, the principle of allowing to
accurately measure T, will be described below with reference
to the circuit diagram shown in FIG. 35 and the timing chart
shown in FIG. 36. Note that 7,<tin this case.

[0145] As shown in the timing chart of FIG. 36, a clock
pulse cycle of node a is defined by T,+1,+1;, and does not
include t. Since T, and T, are common in a buffer delay
measurement circuit (v, is different for each buffer), they can
be canceled by calculations.

[0146] While certain embodiments have been described,
these embodiments have been presented by way of example
only, and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the inventions.

What is claimed is:

1. A multi-bit delta-sigma time digitizer circuit, which
measures a rising timing interval between a first clock signal
and a second clock signal,

the circuit comprising:

a delay array which includes a plurality of delay selection
circuits respectively including a delay element and a
multiplexer, and is configured to delay one of the first
clock signal and the second clock signal;

a phase comparator configured to calculate a time differ-
ence according to an output signal of the delay array;

an integrator configured to integrate the time difference
output from the phase comparator;
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a flash A/D converter configured to execute digital conver-
sion according to an integration result of the integrator;

a ring oscillation circuit configured to include the delay
array,

a counter configured to measure a number of pulses of a
clock signal which passes through the ring oscillation
circuit;

a memory configured to store a delay value of the delay
element calculated from an oscillation frequency based
on the number of pulses; and

a processor configured to correct an output result of the
A/D converter based on the delay value stored in the
memory when the rising timing interval between the first
clock signal and the second clock signal input to the
delay array is measured.

2. The circuit according to claim 1, wherein the ring oscil-

lation circuit comprises:

an inverter connected to an output of the delay array; and

a selector connected to an output of the inverter and an
input of the delay array.

3. A calibration method for a multi-bit delta-sigma time
digitizer circuit, which measures a rising timing interval
between a first clock signal and a second clock signal,

the method comprising;

respectively measuring delay values of a plurality of delay
elements before the rising timing interval is measured,
and

correcting a measurement result of the rising timing inter-
val based on the measured delay values when the rising
timing interval is measured.

4. The method according to claim 3, wherein the measuring
the delay values is executed using a ring oscillation circuit
configured to include a delay array including the plurality of
delay elements.

5. The method according to claim 4, wherein in the mea-
suring the delay values, a number of pulses of a clock signal
which passes through the ring oscillation circuit is measured,
and the delay values of the delay elements are calculated from
an oscillation frequency based on the number of pulses.

* k% ok ok ok
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