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A TIME-TO-DIGITAL CONVERTER CIRCUIT

BACKGROUND

[0001] A time-to-digital converter (TDC) generates a digital output signal that encodes a time

measurement TDCs are used in a variety of applications. Some applications can use low

resolution TDCs, while other applications benefit from higher resolution TDCs A cellular base

station, for example, benefits from a low flicker noise TDC in order to achieve a target phase

noise of less than -105 dBc z normalized to 122.88 MHz at 100 Hz offset with a bandwidth of

200 Hz.

SUMMARY

[0002] A time-to-digital converter circuit includes a logic gate coupled to receive a first trigger

signal indicative of a first clock signal and a second trigger signal indicative of a second clock

signal. The logic gate is to generate a logic gate output signal responsive to the earlier of the first or

second trigger signals to be a logic high. A synchronization circuit is included and is coupled to the

logic gate and is configured to synchronize the logic gate output signal to a third clock to produce a

synchronization output signal. A counter circuit counts pulses of the synchronization output signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] FIG. 1 illustrates a TDC in accordance with an example.

[0004] FIG. 2 is a timing diagram in which a reference clock edge precedes a feedback clock

edge, the time difference of which is determined by the TDC of FIG. 1 in accordance with an

example.

[0005] FIG. 3 is a timing diagram in which the feedback clock edge precedes the reference clock

edge, the time difference of which is determined by the TDC of FIG. 1 in accordance with an

example.

[0006] FIG. 4 shows an example of a trigger circuit usable in the TDC of FIG. 1.

[0007] FIG. 5 shows an example phase-locked loop that includes the TDC of FIG. 1.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0008] The described examples are directed to a counter-based time-to-digital converter (TDC)

circuit that determines the time difference between corresponding edge of a reference clock and a



second clock. The described TDC circuit includes a digital counter and a relatively low flicker

noise clock source. The TDC circuit generates start and stop signals for a ripple counter. The start

signal is generated by the actively asserted edge of the earlier of the reference clock or the second

clock, and a “high speed” clock is used to operate the counter. The reference to “high speed” in this

description does not impart any particular frequency to the high speed clock. The described TDC is

limited only by the flicker noise of the flip-flops used in the circuit thereby resulting in equivalent

noise being less than the actual quantizing step of the TDC circuit.

[0009] FIG. 1 shows an example of a TDC circuit 100. The described TDC circuit 100 includes

TDC trigger circuits (TDC TRIG) 110 and 115, flip-flops 120 and 125, logic gate 130,

synchronization circuit 133, ripple counter 150, TDC calculation circuit 155, and stop signal

generation circuit 180. The TDC circuit 100 determines the time difference between corresponding

edges of a reference clock (REFCLK) and a feedback clock (FBCLK). Referring briefly to FIG. 2,

a timing diagram example is shown in which a rising edge of REFCLK occurs before a rising edge

of the FBCLK, and the TDC circuit 100 determines the time difference Tl as shown. FIG. 3 shows

an example of a timing diagram in which a rising edge of FBCLK occurs before a rising edge of

REFCLK, and the TDC circuit 100 determines the time difference T2 as shown.

[0010] Referring again to FIG. 1, REFCLK is provided to an input of TDC trigger circuit 110

and FBCLK is provided to an input of TDC trigger circuit 115. Another input of each of the TDC

trigger circuits 110, 115 is a high speed clock (HSCLK), although as noted above, the term “high

speed” should not be interpreted as imparting any particular frequency to HSCLK. Each trigger

circuit 110, 115 synchronizes its input signal (REFCLK or FBCLK) to an edge of the HSCLK. The

output signal 11 1 from the TDC trigger circuit 110 is designated as REF Trigger and transitions

from low to high (or vice versa depending what is considered to be an active edge) when REFCLK

is high when and HSCLK transitions from low to high. That is, REFCLK transitioning from low to

high causes a corresponding transition in REF Trigger upon the next active edge of HSCLK.

Similarly, the output signal 116 from the TDC trigger circuit 115 is designated as Feedback

Trigger and transitions from low to high when FBCLK is high and when HSCLK transitions from

low to high. That is, FBCLK transitioning from low to high causes a corresponding transition in

Feedback Trigger upon the next active edge of HSCLK.

[0011] Logic gate 130 is shown in the example of FIG. 1 as being an exclusive-OR gate (and is

referred to herein as exclusive-OR gate 130), but could be implemented as other logic gates or



combinations of logic gates. The inputs of exclusive-OR gate 130 include the REF Trigger signal

11 1 and the Feedback Trigger signal 116. The output of the exclusive-OR gate 130 is provided to

the synchronization circuit 133. The output of the exclusive-OR gate 130 is a logic high when one,

but not both, of the REF Trigger and the Feedback Trigger signals 111 and 116 are logic high, that

is, upon occurrence of the earliest rising edge of REFCLK or FBCLK.

[0012] The synchronization circuit 133 includes a D flip-flop 138 and an AND gate 140. The D

flip-flop 138 includes a data input (D), a clock input and an output (Q). The output signal from the

exclusive-OR gate 130 is provided to the D input of flip-flop 138. The HSCLK is provided to the

clock input of the D flip-flop and the output Q is coupled to an input of AND gate 140. The other

input of AND gate 140 also receives HSCLK. When the first of the active edge of REF Trigger

111 or Feedback Trigger 116 is received, the output of the exclusive-OR gate 130 becomes a logic

high. Upon the next active edge of HSCLK, the logic high on the D input of flip-flop 138 is latched

through to the output Q of the flip-flop, and, with HSCLK still being high causes the

synchronization output signal 141 of the AND gate 140 to be high. The output of AND gate 140

represents the input to ripple counter 150.

[0013] In some examples, the ripple counter 150 is implemented as an asynchronous counter

comprising multiple serially-connected flip-flops where an input flip-flop is clocked by an external

clock, and each subsequent flip-flop is clocked by the output of the preceding flip-flop. The

external clock that clocks the input flip-flop of ripple counter 150 is the synchronization output

signal 141 from AND gate 140. The count output 151 of the ripple counter 150 is provided as an

input to the TDC calculation circuit 155.

[0014] The TDC calculation circuit includes digital counter 158, flip-flops 160, 165, 170, 175,

two’s complement circuit 174, and a multiplexer 176. The digital counter 158 counts active edges

of the output 151 from the ripple counter 150 and provides an output count value 159. The

combination of ripple counter 150 and digital counter 158 represents a counter circuit.

[0015] Referring still to the example of FIG. 1, stop signal generation circuit 180 includes an

AND gate 182, a delay element 184, and a D flip-flop 186. The inputs to AND gate 182 comprise

the REF Trigger signal 1 1 1 and the Feedback Trigger signal 116 from the TDC trigger circuits 110

and 115, respectively. When both the REF Trigger signal 11 1 and the Feedback Trigger signal 116

are high (which occurs, for example, at point 205 in FIG. 2), the output of AND gate 182 becomes

a logic high. Both the REF Trigger signal 1 1 1 and the Feedback Trigger signal 116 being high



represents the stop condition when the counting process should cease. The output of the AND gate

182 is latched into D flip-flop 186 upon occurrence of the next active edge of HSCLK. The Q

output of D flip-flop 186 represents the STOP signal 187 and is provided to the TDC calculation

circuit 155 and used to clock flip-flops 160 and 170. Flip-flop 160 latches in the count value 159

from the digital counter 158 upon occurrence of an active edge of the STOP signal 187. The

FBCLK signal is then used to latch the count output of flip-flop 160 by flip-flop 165 to thereby

synchronize the count value to the FBCLK.

[0016] The delay element 184 delays the output of AND gate 182 to provide a CLEAR signal

189. The CLEAR signal 189 is essentially a delayed version of the STOP signal 187 with enough

of a delay to ensure that the CLEAR signal 189 is asserted high at a time that that the count value

from the digital counter 158 has been fully latched through flip-flops 160 and 170. The CLEAR

signal 189 is provided to the clear inputs of the flip-flop 138, the ripple counter 150, the digital

counter 158, and flip-flops 120 and 125. The CLEAR signal 189 resets these components in

preparation for the generation of a new count value from the ripple and digital counters 150 and

158.

[0017] As noted with respect to FIGS. 2 and 3, the active edge of FBCLK may come before or

after the corresponding active edge of REFCLK. The condition of FIG. 2 in which the active

REFCLK occurs before the active edge of FBCLK represents a positive count value. The condition

of FIG. 3 in which REFCLK’ s active edge occurs after that of FBCLK represents a negative count

value. Thus, the count value from the digital counter 158 may need to be modified to, for example,

convert it to a negative count value if the active edge of FBCLK precedes that of REFCLK. Flip-

flops 120 and 125 are provided to determine whether the count value is to be converted to a

negative value. Flip-flop 120 latches the Feedback Trigger signal 116 using REF Trigger 11 1 as a

clock signal, and flip-flop 125 latches the REF Trigger signal 11 1 using Feedback Trigger 116 as a

clock signal. The output of flip-flop 120 is designated as the Feedback Early signal and when

asserted high indicates that the active edge of FBCLK occurred before the corresponding active

edge of REFCLK. The output of flip-flop 125 is designated as the REFCLK Early signal and when

asserted high indicates that the active edge of REFCLK occurred before the corresponding active

edge of FBCLK. In some examples, the Feedback Early output signal from flip-flop 120 is not

used and in some examples, flip-flop 120 is not present. In some examples, however, the REFCLK

Early signal from flip-flop 125 is latched into flip-flop 170 of the TDC calculation circuit 155



using the STOP signal 187 and the output of flip-flop 170 is latched into flip-flop 175 using

FBCLK to align the REFCLK Early signal to FBCLK.

[0018] The output of flip-flop 175 being asserted low indicates that REFCLK’ s active edge

precedes that of FBCLK and the output of flip-flop 175 being asserted high indicates that

FBCLK’ s active edge precedes that of REFCLK. The output of flip-flop 175 is used as a control

signal to control the selection of the inputs to multiplexer 176. One input of multiplexer 176 (the

“0” input) is the latched count value from flip-flop 165. The other input to the multiplexer 176 (the

“1” input) is the two’s complement of the count value from flip-flop 165. The bits of the count

value from the flip-flop 165 is converted to a two’s complement form by two’s complement circuit

174. In one example, the two’s complement circuit 174 inverts each of the bits of the output count

value from flip-flop 165 and then add 1 to least significant bit of that result. The output 177 from

the multiplexer 176 represents the count value (either positive or negative) that encodes the time

difference between corresponding edges of REFCLK and FBCLK.

[0019] FIG. 4 shows an example implementation of each of the TDC trigger circuits 110, 115.

The TDC trigger circuit of FIG. 4 includes serially-connected flip-flops 402 and 404. The D input

of flip-flop 402 is tied to a logic high (1) and the Q out of flip-flop 402 is coupled to the D input of

flip-flop 404. The input clock 403 of flip-flop 402 is designated as “input clock” in FIG. 4, but

would be the REFCLK in the case of TDC trigger circuit 110 or the FBCLK in the case of TDC

trigger circuit 115. The HSCLK is used to clock flip-flop 404. The Q output of flip-flop 404 is the

REF Trigger signal 11 1 (for the TDC trigger circuit 110) or the Feedback Trigger signal 116 (for

the TDC trigger circuit 116). The Q output of flip-flop 404 will be a logic high when the input

clock 403 experiences an active edge (e.g., a rising edge) or active high upon the next active edge

(e.g., low to high) or active high of HSCLK.

[0020] FIG. 5 provides an example of the use of the TDC circuit 100. The example of FIG. 5

includes TDC circuit 100, a digital filter 503, an analog phase-locked loop (APLL) 505, and a

frequency divider 507. The output signal (OUT) 506 from the APLL is a periodic signal generated

by the APLL 505 and phase-aligned to the REFCLK. The frequency of OUT 506 may be a higher

frequency than REFCLK and thus a frequency divider 507 is included to divide down the

frequency to match that of REFCLK. The output signal from the frequency divider 507 is FBCLK

as shown. The TDC circuit 100 functions as described above to determine the time between

corresponding edge of REFCLK and FBCLK from the divider 507. The digital filter 503 filters the



TDC’s output count value to generate a frequency control signal 504 to adjust the frequency and/or

phase of OUT 506 by the APLL 505. The OUT 506 of the APLL 505 also is used as the HSCLK

and is used by the TDC circuit 100 as described above. With this architecture, the effective time

resolution of the TDC circuit 100 is not the period of HSCLK, rather the effective time resolution

of the TDC circuit 100 is limited by the setup and hold time of flip-flop 404 (FIG. 4).

[0021] In this description, the term “couple” or “couples” means either an indirect or direct

wired or wireless connection. Thus, if a first device couples to a second device, that connection

may be through a direct connection or through an indirect connection via other devices and

connections. The recitation “based on” means “based at least in part on.” Therefore, if X is based

on Y, then X may be a function of Y and any number of other factors.

[0022] Modifications are possible in the described embodiments, and other embodiments are

possible, within the scope of the claims.



CLAIMS

What is claimed is:

1. A time-to-digital converter circuit, comprising:

a logic gate coupled to receive a first trigger signal indicative of a first clock signal and a

second trigger signal indicative of a second clock signal, the logic gate to generate a logic gate

output signal responsive to the earliest of the first or second trigger signals to be a logic high;

a synchronization circuit coupled to the logic gate and configured to synchronize the logic

gate output signal to a third clock to produce a synchronization output signal; and

a counter circuit to count pulses of the synchronization output signal.

2 . The time-to-digital converter circuit of claim 1, wherein the logic gate includes an

exclusive-OR gate.

3 . The time-to-digital converter circuit of claim 1, wherein the synchronization circuit

comprises:

a flip-flop to receive the synchronization output signal and to generate a flip-flop output

signal; and

an AND gate to receive the flip-flop output signal and the third clock.

4 . The time-to-digital converter circuit of claim 1, further comprising:

a first trigger circuit to receive the first clock and the third clock and to generate the first

trigger signal, wherein the first trigger circuit is to assert the first trigger signal responsive to an

asserted edge of the third clock coincident with the first clock asserted high; and

a second trigger circuit to receive the second clock and the third clock and to generate the

second trigger signal, wherein the second trigger circuit is to assert the second trigger signal

responsive to an asserted edge of the third clock coincident with the second clock asserted high.

5 . The time-to-digital converter circuit of claim 4, wherein:

the first trigger circuit comprises a plurality of serially-connected flip-flops; and

the second trigger circuit comprises a plurality of serially-connected flip-flops.

6 . The time-to-digital converter circuit of claim 4, further comprising:

a first flip-flop including a first data input and a first flip-flop clock input, the first data

input coupled to receive the first trigger signal and the first flip-flop clock input coupled to receive

the second trigger signal; and



a second flip-flop including a second data input and a second flip-flop clock input, the

second data input coupled to receive the second trigger signal and the second flip-flop clock input

coupled to receive the first trigger signal.

7 . The time-to-digital converter circuit of claim 1, further comprising:

an output latch circuit to latch a count value from the counter circuit; and

a stop signal generation circuit to generate a stop signal to cause the output latch circuit to

latch the count value from the counter circuit and to generate a delayed stop signal to clear the

counter circuit after the output latch circuit latches the count value.

8 . The time-to-digital converter circuit of claim 7, wherein the stop signal generation circuit

comprises an AND gate and a delay element.

9 . The time-to-digital converter circuit of claim 7, wherein the stop signal generation circuit

comprises:

an AND gate to receive the first and second trigger signals, an output of the AND gate

comprising the stop signal;

a flip-flop including a clock input to receive the third clock, the flip-flop configured to latch

the stop signal from the AND gate to generate a latched stop signal; and

a delay element to receive the stop signal from the AND gate and to generate the delayed

stop signal.

10. The time-to-digital converter circuit of claim 9, wherein the output latch circuit comprises:

a second flip-flop to latch the count value from the counter circuit using the latched stop

signal as a clock to the second flip-flop; and

a third flip-flop having a data input and a clock input, wherein an output from the second

flip-flop is coupled to the data input of the third flip-flop and the clock input of the third flip-flop is

coupled to receive the second clock.

11. A time-to-digital converter circuit, comprising:

a first trigger circuit to generate a first trigger signal responsive to an asserted edge of a

third clock coincident with a first clock asserted high;

a second trigger circuit to generate a second trigger signal responsive to an asserted edge of

the third clock coincident with a second clock asserted high;



an exclusive-OR gate coupled to the first trigger circuit and the second trigger circuit and to

generate an exclusive-OR output signal responsive to the first of the first or second trigger signals

to be a logic high;

a synchronization circuit coupled to the logic gate and configured to synchronize the logic

gate output signal to the third clock to produce a synchronization output signal; and

a counter circuit to count pulses of the synchronization output signal.

12. The time-to-digital converter circuit of claim 11, wherein:

the first trigger circuit comprises a first plurality of serially-connected flip-flops; and

the second trigger circuit comprises a second plurality of serially-connected flip-flops.

13. The time-to-digital converter circuit of claim 12, wherein:

a first flip-flop of the first plurality of serially-connected flip-flops includes a first clock

input that is coupled to receive the first clock and an output of the first flip-flop is coupled to a data

input of a second flip-flop of the first plurality of serially-connected flip-flops, the second flip-flop

includes a second clock input that is coupled to receive the third clock; and

a third flip-flop of the second plurality of serially-connected flip-flops includes a third

clock input that is coupled to receive the second clock and an output of the third flip-flop is

coupled to a data input of a fourth flip-flop of the second plurality of serially-connected flip-flops,

the fourth flip-flop includes a fourth clock input that is coupled to receive the third clock.

14. The time-to-digital converter circuit of claim 11, wherein the synchronization circuit

includes:

a flip-flop to receive the synchronization output signal and to generate a flip-flop output

signal; and

a logic gate to receive the flip-flop output signal and the third clock, the logic gate to

generate the synchronization output signal.

15. The time-to-digital converter circuit of claim 11, further comprising:

a two’s complement circuit to convert a count value derived from the counter circuit to a

two’s complement signal;

a multiplexer including a first input, a second input, and a multiplexer output, the first input

coupled to receive the count value derived from the counter circuit, the second input coupled to

receive the two’s complement signal and the multiplexer output comprising the signal from the

first or second inputs based on a control signal.



16. The time-to-digital converter circuit of claim 15, wherein the control signal is a signal

indicative of whether an edge of the first clock is before or after a corresponding edge of the

second clock.

17. The time-to-digital converter circuit of claim 11, further comprising a stop signal

generation circuit including:

an AND gate to receive the first and second trigger signals, an output of the AND gate

comprising a stop signal;

a flip-flop including a clock input to receive the third clock, the flip-flop configured to latch

the stop signal from the AND gate to generate a latched stop signal; and

a delay element to receive the stop signal from the AND gate and to generate a delayed

stop signal;

the stop signal to cause an output latch circuit to latch the count value from the counter

circuit and the delayed stop signal to clear the counter circuit after the output latch circuit latches

the count value.

18. A phase-locked loop circuit, comprising:

a counter-based time-to-digital converter circuit to determine a count value corresponding

to a time between corresponding edges of a reference clock and a feedback clock;

an analog phase-locked loop to generate a second clock responsive to a count value from

the counter-based time-to-digital converter; and

a frequency divider to receive the second clock and to generate the feedback clock at a

reduced frequency from a frequency of the second clock;

wherein the counter-based time-to-digital converter circuit includes a plurality of flip-flops

that are to be clocked using the second clock.

19. The phase-locked loop circuit of claim 18, wherein the counter-based time-to-digital

converter circuit includes:

a first trigger circuit to generate a first trigger signal responsive to an asserted edge of the

second clock coincident with the first clock asserted high;

a second trigger circuit to generate a second trigger signal responsive to an asserted edge of

the second clock coincident with the feedback clock asserted high;



an exclusive-OR gate coupled to the first trigger circuit and the second trigger circuit and to

generate an exclusive-OR output signal responsive to the first of the first or second trigger signals

to be a logic high;

a synchronization circuit coupled to the logic gate and configured to synchronize the logic

gate output signal to the third clock to produce a synchronization output signal; and

a counter circuit to count pulses of the synchronization output signal.

20. The phase-locked loop circuit of claim 19, wherein the counter-based time-to-digital

converter circuit comprises a ripple counter coupled to a digital counter.
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