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Wide Capture Range Reference-Less Frequency Detector

Cross Reference to Related Applications
[0001] This application claims priority to U.S. non-provisional patent
application Serial No. 15/394,506 filed on December 29, 2016 and entitled
“Wide Capture Range Reference-Less Frequency Detector”, which in turn
claims priority from U.S. Provisional Patent Application Serial No. 62/436,200,
filed on December 19, 2016, both of which patent applications are incorporated

herein by reference as if reproduced in its entirety.

Field of the Invention
[0002] The present disclosure is related to frequency detectors and, in

particular, to reference-less frequency detectors.

Background
[0003] A conventional clock/data recovery (CDR) uses a reference clock in
order to bring the voltage controlled oscillator (VCO) output frequency into the
vicinity of the data rate before phase acquisition. In certain applications, such as
power and/or area limited circuits, a reference clock may not be present or may
be difficult to route to the CDR. Accordingly, reference-less CDRs may be used
in such situations.
[0004] However, in frequency detector (FD) of reference-less CDRs, the
latency of frequency down control signals is much larger than the latency of
frequency up control signals due to asymmetrical architecture within the
frequency detector. Thus, when the input data rate is much lower than the VCO
frequency, the frequency detector cannot reduce the VCO’s frequency low
enough to match the input data rate. Thus, the frequency cannot lock to the data

rate and the data may be lost.

Summary
[0005] Various examples are now described to introduce a selection of
concepts in a simplified form that are further described below in the detailed

description. The summary is not intended to identify key or essential features of
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the claimed subject matter, nor is it intended to be used to limit the scope of the
claimed subject matter.

[0006] A reference-less frequency detector circuit including a sampling circuit
configured to generate a frequency control voltage and a switch circuit control
signal based on a frequency difference between a clock signal frequency and an
input data rate, the frequency control voltage comprising a frequency down
indication and a frequency up indication. A voltage-to-current converter circuit
is coupled to the sampling circuit and configured to convert the frequency
control voltage to a frequency control current based on the switch circuit control
signal, the voltage-to-current converter circuit comprising an output switch
circuit controlled by the switch control signal and configured to have
substantially equal respective latencies for the frequency down indication and
the frequency up indication.

[0007] A clock/data recovery system includes a voltage controlled oscillator
configured to generate a clock signal. A phase detector is coupled to the voltage
controlled oscillator and configured to generate a buffered data signal, and a
phase difference control signal based on an input data signal and the clock signal,
wherein the phase difference control signal is indicative of a phase difference
between the clock signal and the input data signal. A reference-less frequency
detector coupled to the voltage controlled oscillator and configured to generate a
frequency difference control signal indicative of a frequency difference between
the input data signal and the clock signal. The frequency detector includes
sampling circuit configured to generate a frequency control voltage and a switch
circuit control signal based on the frequency difference between the clock signal
and the input data signal, the frequency control voltage comprising a frequency
down indication and a frequency up indication. A voltage-to-current converter
circuit is coupled to the sampling circuit and configured to convert the frequency
control voltage to a frequency control current in response to the switch circuit
control signal, the voltage-to-current converter circuit comprising an output
switch circuit controlled by the switch control signal and configured to have
substantially equal respective latencies for the frequency down indication and
the frequency up indication. A filter is coupled to the phase detector and the
frequency detector and configured to output a control signal to the voltage

controlled oscillator, wherein the control signal provides an indication of a phase
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difference and a frequency difference between the input data signal and the clock
signal.

[0008] A method for generating a frequency control signal from a reference-
less frequency detector includes generating an up/down control voltage, wherein
the up/down control voltage is indicative of a frequency difference between an
input data rate and a clock frequency and comprises an up frequency indication
voltage and a down frequency indication voltage. An on/off control signal is
generated based on the data rate and the clock frequency. The frequency control
current is generated based on the up and down control voltages and the on/off
control signal, wherein the on/off control signal controls an output switch circuit
of a voltage-to-current converter circuit such that a latency of the up frequency
indication voltage is equal to a latency of the down frequency indication voltage

through the output switch circuit.

Brief Description of the Drawings
[0009] FIG. 1 illustrates a block diagram of a reference-less frequency detector,
according to various embodiments.
[0010] FIG. 2 illustrates a schematic diagram of a voltage-to-current converter
circuit, according to the embodiment of FIG. 1.
[0011] FIGs. 3A, 3B illustrate plots of operational signals of the reference-less
frequency detector, according to the embodiment of FIG. 1.
[0012] FIG. 4 illustrates a block diagram of a clock/data recovery system
including a reference-less frequency detector, according to various embodiments.
[0013] FIG. 5 illustrates a flowchart of a method for operation of the

reference-less frequency detector, according to various embodiments.

Detailed Description
[0014] Some of the challenges noted above, as well as others, can be addressed
by implementing the reference-less frequency detector having an output switch
circuit. The output switch circuit includes a symmetrical architecture that
provides equal respective latencies for both a frequency down indication as well
as a frequency up indication for a VCO circuit. The VCO control signal latency

is also reduced as compared to conventional frequency detector circuits.
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[0015] FIG. 1 illustrates a reference-less frequency detector 150, according to
various embodiments. The frequency detector 150 includes a sampling circuit
100 coupled to a voltage-to-current converter circuit 105.

[0016] The sampling circuit 100 includes flip-flops 101, 102, 103 (e.g., D flip-
flops). A data signal Dy and a clock signal CLK are input to the sampling circuit
100. The sampling circuit generates a frequency control signal and a switch
circuit control signal based on a frequency difference between the clock signal
CLK and data signal Dy.

[0017] In an embodiment, the sampling circuit 100 shows a delay cell 108
whose delay time is Y4 of a bit time. However, the delay cell 108 is used for
illustrating that Dy has a delayed version, Dix. In other words, the Dy, signal is
a delayed version of the Dy signal. The Din; signal is coupled to the clock input
of one flip-flop 102 while the Dy signal is coupled to the clock input of another
{lip-flop 101.

[0018] The CLK signal may be input from a voltage controlled oscillator
(VCO), as described subsequently. Other embodiments may input the clock
signal CLK from other clock generation circuits.

[0019] The Dy signal and the CLK signal are provided as the clock input and
the data input, respectively, of D flip-flop 101. D, and the CLK signal are
provided as the clock input and the data input, respectively, of D flip-flop 102.
[0020] D flip-flop 102 samples the CLK signal at the rising edges of the D>
signal to generate an output signal Q2. D flip-flop 101 samples the CLK signal
at the rising edges of the Dy signal to generate an output signal Q1.

[0021] The period of signals Q1 and Q2 are substantially equal and
proportional (e.g., inversely proportional) to the frequency difference between
the Dy signal and CLK signal. Signals Q1 and Q2 contain information regarding
the frequency difference between the Dy signal and CLK signal. Specifically,
when signal Q2 leads signal Q1, the CLK signal has a higher frequency than the
Dy signal. When signal Q2 lags signal Q1, the CLK signal has a lower
frequency than the Dy signal.

[0022] Signal Q3 indicates which of signals QI and Q2 leads the other. In
particular, when signal Q2 leads signal Q1, signal Q3 is a logic low indicating
that the frequency of the CLK signal is higher than the frequency of the Dy

signal. The logic low indicates to the VCO that it needs to decrease its clock
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frequency to match the data frequency (e.g., frequency down indication). On the
other hand, when signal Q2 lags signal Q1, signal Q3 is a logic high indicating
that the frequency of the CLK signal is lower than the frequency of the Dy
signal. The logic high indicates to the VCO that it needs to increase its clock
frequency to match the data frequency (e.g., frequency up indication). Thus,
signal Q3 may be referred to as an up or down control voltage, depending on the
signal state, or frequency control signal since, when converted to a frequency
control current (e.g., an up/down current signal) by the voltage-to-current
converter circuit 105, it may be used by the voltage controlled oscillator to know
when to increase its frequency (i.e., up) or decrease its frequency (e.g., down) to
correspond to the frequency of the input data.

[0023] Signal Q2 may be referred to as an on/off signal or switch circuit
control signal. This signal is used to turn on or off an output switch circuit in the
voltage-to-current converter circuit 105, as described subsequently with
reference to FIG. 2.

[0024] Signals Q, and Q5 are used in the voltage-to-current converter circuit
105 so inverters 130, 131 are used to generate these signals from their respective
complementary signals Q2 and Q3. Voltage-to-current converter circuit 105 is
coupled to the output of the D flip-flop 103, the output of the D flip-flop 102, the
output of inverter 130, and the output of inverter 131. In an embodiment, the
output of the voltage-to-current converter circuit 105 (e.g., up/down current
signal) is input to a filter circuit, as described subsequently with reference to FIG.
4.

[0025] FIG. 2 illustrates a schematic diagram of a voltage-to-current converter
circuit 105, according to the embodiment of FIG. 1. The schematic diagram
shows one implementation of the voltage-to-current converter circuit 105. This
circuit 105 includes the output switch circuit 200.

[0026] The circuit 105 includes two series circuits 280, 281. Each series circuit
280, 281 includes respective first and second transistors 222, 223, 224, 225
coupled in series (e.g., drain-to-drain) with each other and being of
complementary type with each other. For example, transistor 222 may be a p-
type transistor (e.g., PFET) while transistor 223 may be an n-type transistor (e.g.,
NFET). Similarly, transistor 224 may be a p-type transistor (e.g., PFET) while

transistor 225 may be an n-type transistor (e.g., NFET). The two series circuits
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280, 281 are coupled together in parallel at first and second common nodes 290,
291 such that transistors 222, 224 have their sources coupled to the first common
node 290 and transistors 223, 225 have their sources coupled to the second
common node 291.

[0027] The first common node 290 is coupled to a supply voltage node that
may be powered to Vpp during circuit operation. The second common node 291
is coupled to a current source 230 that is also coupled to a circuit reference
voltage node (e.g., circuit ground).

[0028] Transistor 222 and transistor 224 are coupled in a diode configuration.
In other words, their control gates are coupled to their respective drain nodes.
Thus, these transistors 222, 224 provide a diode voltage drop in the circuit
during circuit operation.

[0029] The control gate of transistor 223 is coupled to and controlled by
signal Q_3 such that the transistor 223 turns on and conducts when Q3 is low. The
control gate of transistor 225 is coupled to and controlled by signal Qs such that
the transistor 225 turns on and conducts when Q3 is high.

[0030] Transistors 220 and 221 are coupled in series (e.g., drain-to-drain)
between the supply voltage node and the circuit reference voltage node. The
source of transistor 220 is coupled to the supply voltage node and the source of
transistor 221 is coupled to the circuit reference voltage node. The control gate
of transistor 220 is coupled to the control gate of transistor 222. The control gate
of transistor 221 is coupled to a control gate of transistor 206 in the output
switch circuit 200. Transistor 221 is also coupled in a diode configuration (e.g.,
control gate coupled to drain) so that it provides a diode voltage drop during
circuit operation.

[0031] The output switch circuit 200 includes two series circuits 282, 283.
Each series circuit 282, 283 includes respective first and second transistors 202,
203, 204, 205 coupled in series (e.g., drain-to-drain) with each other and being
of complementary type with each other. For example, transistor 202 may be a p-
type field effect transistor (e.g., PFET) while transistor 203 may be an n-type
transistor (e.g., NFET). Similarly, transistor 204 may be a p-type transistor (e.g.,
PFET) while transistor 205 may be an n-type transistor (e.g., NFET). The two
series circuits 282, 283 are coupled together in parallel at first and second

common nodes 292, 293 such that transistors 202, 204 have their sources
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coupled to the first common node 292 and transistors 203, 205 have their sources
coupled to the second common node 293.

[0032] The first common node 292 is coupled the drain of transistor 201
whose source is coupled to the supply voltage node that may be powered to Vpp
during circuit operation. The second common node 293 is coupled to the drain of
transistor 206 whose source is coupled to the circuit reference voltage node (e.g.,
circuit ground). The control gate of transistor 201 is coupled to the control gate
of transistor 224. The control gate of transistor 206 is coupled to the control gate
of transistor 221.

[0033] Signal Q2 is coupled to the control gates of transistors 202, 205. Signal
Q, is coupled to the control gates of transistors 203, 204. A common node
between transistor 202 and 203 is the output of the voltage-to-current converter
circuit 105. A common node between transistor 204 and transistor 205 is
coupled to a voltage divider circuit formed by resistances R1 210 and R2 211.
The resistance R1 210 is also coupled to the power supply node while the
resistance R2 211 is also coupled to the circuit reference voltage node (e.g.,
circuit ground).

[0034] In operation, the voltage-to-current converter circuit has two modes of
operation. When the clock frequency is less than the data frequency, the circuit
operates in a frequency up mode to cause the VCO frequency to increase. When
the clock frequency is greater than the data frequency, the circuit 105 operates in
a frequency down mode to cause the VCO frequency to decrease.

[0035] In the frequency up mode, when the input data rate is higher than the
VCO frequency, frequency control voltage signal Q3 is at logical “1”.
Transistors 224, 225, 201 are ON while transistors 206, 220, 221, 222, 223 are
OFF. When switch circuit control signal Q2 goes low, transistor 202 is ON while
transistor 204 is OFF. The current signal output from the voltage-to-current
converter circuit 105 (i.e., conversion of logical high Q3 voltage) will charge the
following filter (e.g., loop filter) and the VCO frequency increases.

[0036] The total latency of signal Q2 through the voltage-to-current converter
circuit 105 is only the delay of transistor 202. This means the frequency capture
range in the frequency up mode is approximately four times of that in prior art.
When signal Q2 goes high, transistor 202 is OFF while transistor 204 is ON.

Through transistor 204, the drain voltage of transistor 201 is at a bias voltage
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approximately half of the supply voltage (e.g., Vpp/2). This bias voltage is
generated with the two series connected resistances R1 210 and R2 211, between
the power supply node at Vpp and the circuit reference voltage node at circuit
ground potential. Keeping the second series circuit at VDD/2 keeps transistor
201 on when the voltage-to-current converter circuit turns off and reduces the
time required to eventually go to the expected voltage at the output when the
voltage-to-current converter circuit turns on. This can help to further reduce the
latency of signal Q2 by reducing the setup time of current in transistor 201.
[0037] In the frequency down mode, when the input data rate is lower than the
VCO frequency, frequency control voltage signal Q3 is at logical “0”.
Transistors 201, 224, 225 are OFF while transistors 206, 220, 221, 222, 223, are
ON. When switch circuit control signal Q2 goes low, transistor 203 is ON while
transistor 205 is OFF. The current signal output of the voltage-to-current
converter circuit 105 will discharge the following filter. Thus, the VCO
frequency will decrease to match the slower data rate.

[0038] The total latency of Q2 is only the delay of transistor 203. This means
the frequency capture range in the frequency down mode is approximately six
times of that in prior art. When Q2 goes high, transistor 203 is OFF while
transistor 205 is ON. Through transistor 205, the drain voltage of transistor 206
is at a bias voltage that is approximately half the supply voltage (e.g., Vpp/2).
The bias voltage is generated by the two series connected resistances R1 210 and
R2 211, between the power supply voltage and the circuit ground reference
voltage, acting at a voltage divider circuit. This can help to further reduce the
latency of Q2 by reducing the setup time of current in transistor 206.

[0039] The latency of signal Q2 determines the minimum allowed pulse width
of Q2 as well as the maximum allowed difference between the input data rate
and the VCO frequency (i.e., the frequency capture range). It can be seen that in
both the frequency up mode and the frequency down mode, the latency of Q2 is
the same. In both cases the latency is one transistor delay. This is unlike the prior
art where the latency for Q2 is not only greater (e.g., the sum of multiple
transistors) but it is not symmetrical. Conventionally, the Q2 latency is greater
for the frequency down mode as compared to the frequency up mode. Thus, the

conventional frequency capture ranges are substantially less than the disclosed
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embodiments as well as being different between the frequency up mode and the
frequency down mode.

[0040] FIGs. 3A, 3B illustrate plots of operational signals of the reference-less
frequency detector, according to the embodiment of FIG. 1. The plot of FIG. 3A
shows the case where the data rate is greater than the VCO frequency. In this
case, the signal Q3 is at a logical high. The plot of FIG. 3B shows the case where
the data rate is less than the VCO frequency. In this case, the signal Q3 is at a
logical low.

[0041] FIG. 4 illustrates a block diagram of a clock/data recovery system
including a reference-less frequency detector, according to various embodiments.
The clock/data recovery system may be used for synchronizing an input data
signal (Dpy) with a VCO 420 in order to recover the data transmitted via a noisy
channel. This block diagram is for purposes of illustrating only one possible
implementation of the disclosed embodiment of the reference-less frequency
detector 150.

[0042] The system includes a phase detector 410 coupled to the input data
signal Din. The phase detector 410 is also coupled to the clock signal CLK
generated by the VCO 420. The phase detector 410 compares the phase of the
data in signal Dy with the input clock signal CLK to generate a phase difference
signal PD-OUT that is based on the phase difference between the input data
signal Dy and the VCO clock CLK. The PD-OUT signal is input to a loop filter
440.

[0043] The phase detector 410 also outputs a buffered data signal Dixg based
on the input data signal Diy. The input data signal Dy is input to the reference-
less frequency detector 150 as described previously with reference to FIGs. 1
and 2. The VCO clock CLK is also input to the reference-less frequency detector
150 as described previously. The reference-less frequency detector 150 generates
the frequency difference signal FD-OUT that is the up/down current signal based
on the frequency difference between the input data signal Dyy and the VCO
clock CLK.

[0044] The loop filter 440 now has the phase difference signal and the
frequency difference signal as inputs. The loop filter 440 can now generate the

VCO control signal VCTRL that is input to the VCO 420 to adjust both the
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phase and the frequency of the VCO 420 to more closely align the clock signal
CLK with the input data signal Dy in both phase and frequency.

[0045] The now phase and frequency aligned clock signal CLK is input to a
re-timer circuit 430 to clock out the buffered data signal Ding. The Dour signal
from the re-timer circuit 430 is the recovered data signal.

[0046] FIG. 5 illustrates a flowchart of a method for operation of the
reference-less frequency detector, according to various embodiments. In block
501, an up/down control voltage is generated. The up/down control voltage is
indicative of a frequency difference between a data signal and a clock signal and
comprises one of either an up frequency indication voltage or a down frequency
indication voltage.

[0047] In block 503, an on/off control signal is generated based on the data
signal and the clock signal. The on/off control signal comprises one of either an
on voltage or an off voltage. In block 505, an up/down control current is
generated based on the up/down control voltage and the on/off control signal.
The up/down control current comprises one of either an up control current or a
down control current. The on/off control signal controls an output switch circuit
of a voltage-to-current converter circuit such that a voltage generation latency of
the up frequency indication voltage is equal to the voltage generation latency of
the down frequency indication voltage through the output switch circuit.

[0048] In one embodiment of a system for generating a frequency control
signal from a reference-less frequency detector, the system includes voltage
generation means for generating an up/down control voltage, wherein the
up/down control voltage is indicative of a frequency difference between an input
data rate and a clock frequency and comprises an up frequency indication
voltage and a down frequency indication voltage. The system further includes
control signal means for generating a control signal based on the data rate and
the clock frequency. In one embodiment, the control signal is an on/off signal.
The system further includes a current generation means for generating the
frequency control current based on the up/down control voltage and the control
signal, wherein the control signal controls an output switch circuit of a voltage-
to-current converter circuit such that a latency of the up frequency indication
voltage is equal to a latency of the down frequency indication voltage through

the output switch circuit.
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[0049] One embodiment of the above system includes a voltage
converter means for converting a voltage to a current, the voltage converter
means operating in a frequency up mode based on the input data rate being
greater than the clock signal frequency and, alternatively, in a frequency down
mode based on the input data rate being less than the clock signal frequency.
[0050] In another embodiment of the above system, A clock/data
recovery system includes a clock signal means for generating a clock signal.

The clock signal means, in one embodiment, comprises a voltage controlled
oscillator configured to generate a clock signal. The system further includes a
phase detection means for detecting a phase difference in two signals that is
coupled to the voltage controlled oscillator and configured to generate a buffered
data signal and a phase difference control signal based on an input data signal
and the clock signal. The system further includes a reference-less frequency
detector means coupled to the clock signal means and for generating a frequency
difference control signal indicative of a frequency difference between the input
data signal and the clock signal, the frequency detector means further includes a
sampling means for generating a frequency control voltage and a switch circuit
control signal based on the frequency difference between the clock signal and
the input data signal. Finally, one embodiment of the system further includes
signal converting means for converting a voltage to a current, the converting
means coupled to the sampling means and configured to convert the frequency
control voltage to a frequency control current. Finally, the system includes, in
one embodiment, filtering means coupled to the phase detector and the
frequency detector for producing a control signal to the voltage controlled
oscillator, wherein the control signal provides an indication of a phase difference
and a frequency difference between the input data signal and the clock signal.
[0051] Further aspects and embodiments of the invention are described in the

following clauses.

[0052] Clause 1. A reference-less frequency detector circuit
comprising:
[0053] a sampling circuit configured to generate a frequency control

voltage and a switch circuit control signal based on a frequency difference

between a clock signal frequency and an input data rate, the frequency control
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voltage comprising a frequency down indication and a frequency up indication;
and

[0054] a voltage-to-current converter circuit coupled to the sampling
circuit and configured to convert the frequency control voltage to a frequency
control current based on the switch circuit control signal, the voltage-to-current
converter circuit comprising an output switch circuit controlled by the switch
control signal and configured to have substantially equal respective latencies for
the frequency down indication and the frequency up indication.

[0055] Clause 2. The circuit of clause 1, wherein the output
switching circuit comprises:

[0056] a first series circuit comprising first and second transistors
coupled in series with each other and having a complementary type with each
other, a gate of the first transistor coupled to the output of the sampling circuit
and a gate of the second transistor coupled to an inverse of the output of the
sampling circuit, wherein an output node for the output switching circuit is a
common node between the first and second transistors;

[0057] a second series circuit comprising third and fourth transistors
coupled in series with each other and having a complementary type with each
other, a gate of the third transistor coupled to the inverse of the output of the
sampling circuit and a gate of the fourth transistor coupled to the output of the
sampling circuit, wherein the first and second series circuits are coupled together
in parallel at first and second common nodes;

[0058] a fifth transistor coupled between a supply node and the first
common node;

[0059] a sixth transistor coupled between a circuit reference node and the
second common node; and

[0060] a voltage divider network coupled between the supply node and
the circuit reference node, the voltage divider network configured to provide a
voltage to a common node between the third and fourth transistors.

[0061] Clause 3. The circuit of any one of clauses 1-2, wherein the
circuit reference node is circuit ground.

[0062] Clause 4. The circuit of any one of clauses 1-3, wherein the
first and third transistors are p-type field effect transistors (PFETSs) and the

second and fourth transistors are NFETSs.
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[0063] Clause 5. The circuit any one of clauses 1-4, wherein the
voltage-to-current converter circuit comprises:

[0064] a first pair of transistors coupled in series with each other and
having a complementary type with each other, wherein a gate of one of the first
pair of transistors is coupled to an output of a sampling circuit and configured to
operate in response to a first state of the frequency control voltage;

[0065] a second pair of transistors coupled in series with each other and
having a complementary type with each other, wherein a gate of one of the
second pair of transistors is coupled to the output of the sampling circuit and
configured to operate in response to a second state of the frequency control
voltage, the second state being an inverse of the first state, wherein the first and
second pair of transistors are coupled in parallel at a first common node and a
second common node, the first common node coupled to the supply node; and
[0066] a current source coupled between the circuit reference node and
the second common node.

[0067] Clause 6. The circuit of any one of clauses 1-5, wherein
remaining transistors of the first and second pairs of transistors are each coupled
in a diode configuration and coupled to the supply node.

[0068] Clause 7. The circuit of any one of clauses 1-6, wherein a
gate of the fifth transistor is coupled to a gate of the remaining transistor of the
second pair of transistors.

[0069] Clause 8. The circuit of any one of clauses 1-7, wherein the
substantially equal respective latencies for the frequency down indication and
the frequency up indication are each based on a one transistor latency.

[0070] Clause 9. The circuit of any one of clauses 1-8, wherein the
one transistor latency for the frequency up indication comprises the first
transistor and the one transistor latency for the frequency down indication

comprises the second transistor.

[0071] Clause 10. A clock/data recovery system comprising:
[0072] a voltage controlled oscillator configured to generate a clock
signal;

[0073] a phase detector coupled to the voltage controlled oscillator and

configured to generate a buffered data signal and a phase difference control

signal based on an input data signal and the clock signal, wherein the phase
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difference control signal is indicative of a phase difference between the clock
signal and the input data signal;

[0074] a reference-less frequency detector coupled to the voltage
controlled oscillator and configured to generate a frequency difference control
signal indicative of a frequency difference between the input data signal and the
clock signal, the frequency detector comprising:

[0075] a sampling circuit configured to generate a frequency control
voltage and a switch circuit control signal based on the frequency difference
between the clock signal and the input data signal, the frequency control voltage
comprising a frequency down indication and a frequency up indication; and
[0076] a voltage-to-current converter circuit coupled to the sampling
circuit and configured to convert the frequency control voltage to a frequency
control current in response to the switch circuit control signal, the voltage-to-
current converter circuit comprising an output switch circuit controlled by the
switch control signal and configured to have substantially equal respective
latencies for the frequency down indication and the frequency up indication; and
[0077] a filter coupled to the phase detector and the frequency detector
and configured to output a control signal to the voltage controlled oscillator,
wherein the control signal provides an indication of a phase difference and a
frequency difference between the input data signal and the clock signal.

[0078]

[0079] Clause 11.  The system of clause 10, further comprising a re-
timer circuit coupled to the voltage controlled oscillator and the phase detector,
the re-timer circuit configured to clock out the buffered data signal in response to
the clock signal.

[0080] Clause 12.  The system of any one of clauses 10-11, wherein
the switch circuit control signal is coupled to one transistor, having a first
transistor latency, to generate the frequency up indication and one transistor,
having a second transistor latency, to generate the frequency down indication,
wherein the first and second transistor latencies are the same.

[0081] Clause 13.  The system of any one of clauses 10-12, wherein
the sampling circuit comprises a first flip-flop, having a data input coupled to the
clock signal and a clock input coupled to the delayed data signal, to generate the

switch circuit control signal.

14



WO 2018/113668 PCT/CN2017/117201

[0082] Clause 14.  The system of any one of clauses 10-13, wherein
the sampling circuit further comprises a second flip-flop coupled in series with a
third flip-flop, the second flip-flop having a data input coupled to the clock
signal and a clock input coupled to the input data signal, the third flip-flop
having a data input coupled to an output of the second flip-flop and a clock input
coupled to an output of the first flip-flop.

[0083] Clause 15. A method for generating a frequency control signal
from a reference-less frequency detector, the method comprising:

[0084] generating an up/down control voltage, wherein the up/down
control voltage is indicative of a frequency difference between an input data rate
and a clock frequency and comprises an up frequency indication voltage and a
down frequency indication voltage;

[0085] generating a control signal based on the data rate and the clock
frequency; and

[0086] generating the frequency control current based on the up/down
control voltage and the on/off control signal, wherein the on/off control signal
controls an output switch circuit of a voltage-to-current converter circuit such
that a latency of the up frequency indication voltage is equal to a latency of the
down frequency indication voltage through the output switch circuit.

[0087] Clause 16.  The method of clause 15 wherein the control
signal is an on/off control signal.

[0088] Clause 17.  The method of any one of clauses 15-16, further
comprising a voltage-to-current converter circuit operating in a frequency up
mode based on the input data rate being greater than the clock signal frequency.
[0089] Clause 18.  The method of any one of clauses 15-17, further
comprising the voltage-to-current converter circuit operating in a frequency

down mode based on the input data rate being less than the clock signal

frequency.

[0090] Clause 19. The method of any one of clauses 15-18, further
comprising:

[0091] the on/off control signal turning on a first transistor, having a first

latency, in the output switch circuit to generate the frequency control current

based on the up/down control voltage; and
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[0092] the on/off control signal turning on a second transistor, having a
second latency, in the output switch circuit to generate the frequency control
current based on the up/down control voltage, wherein the first latency and the
second latency are equal.

[0093]

[0094] Clause 20. The method of any one of clauses 15-19, further
comprising increasing the clock frequency of the voltage controlled oscillator
based on the up frequency indication voltage and decreasing the clock frequency
of the voltage controlled oscillator based on the down frequency indication
voltage.

[0095] Clause 21.  The method of any one of clauses 15-20, further
comprising the frequency control current charging a loop filter to increase the
clock frequency and the frequency control current discharging the loop filter to
decrease the clock frequency.

[0096] In the previous description, reference is made to the accompanying
drawings that form a part hereof, and in which is shown by way of illustration
specific embodiments which may be practiced. These embodiments are
described in sufficient detail to enable those skilled in the art to practice the
invention, and it is to be understood that other embodiments may be utilized and
that structural, logical and electrical changes may be made without departing
from the scope of the present invention. The following description of example
embodiments is, therefore, not to be taken in a limited sense, and the scope of
the present invention is defined by the appended claims.

[0097] The functions or algorithms described herein may be implemented in
software in one embodiment. The software may consist of computer executable
instructions stored on computer readable media or computer readable storage
device such as one or more non-transitory memories or other type of hardware
based storage devices, either local or networked. Further, such functions
correspond to modules, which may be software, hardware, firmware or any
combination thereof. Multiple functions may be performed in one or more
modules as desired, and the embodiments described are merely examples. The
software may be executed on a digital signal processor, ASIC, microprocessor,

or other type of processor operating on a computer system, such as a personal
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computer, server or other computer system, turning such computer system into a
specifically programmed machine.

[0098] Although a few embodiments have been described in detail above,
other modifications are possible. For example, the logic flows depicted in the
figures do not require the particular order shown, or sequential order, to achieve
desirable results. Other steps may be provided, or steps may be eliminated, from
the described flows, and other components may be added to, or removed from,
the described systems. Other embodiments may be within the scope of the

following claims.
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CLAIMS

What is claimed is:

1. A reference-less frequency detector circuit comprising:

a sampling circuit configured to generate a frequency control voltage and
a switch circuit control signal based on a frequency difference
between a clock signal frequency and an input data rate, the
frequency control voltage comprising a frequency down
indication and a frequency up indication; and

a voltage-to-current converter circuit coupled to the sampling circuit and
configured to convert the frequency control voltage to a
frequency control current based on the switch circuit control
signal, the voltage-to-current converter circuit comprising an
output switch circuit controlled by the switch control signal and
configured to have substantially equal respective latencies for the

frequency down indication and the frequency up indication.

2. The circuit of claim 1, wherein the output switching circuit comprises:

a first series circuit comprising first and second transistors coupled in
series with each other and having a complementary type with
each other, a gate of the first transistor coupled to the output of
the sampling circuit and a gate of the second transistor coupled to
an inverse of the output of the sampling circuit, wherein an output
node for the output switching circuit is a common node between
the first and second transistors;

a second series circuit comprising third and fourth transistors coupled in
series with each other and having a complementary type with
each other, a gate of the third transistor coupled to the inverse of
the output of the sampling circuit and a gate of the fourth
transistor coupled to the output of the sampling circuit, wherein
the first and second series circuits are coupled together in parallel
at first and second common nodes;

a fifth transistor coupled between a supply node and the first common

node;
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a sixth transistor coupled between a circuit reference node and the second
common node; and

a voltage divider network coupled between the supply node and the
circuit reference node, the voltage divider network configured to
provide a voltage to a common node between the third and fourth

transistors.

3. The circuit of any one of claims 1-2, wherein the circuit reference node is

circuit ground.

4. The circuit of any one of claims 1-3, wherein the first and third
transistors are p-type field effect transistors (PFETSs) and the second and

fourth transistors are NFETS.

5. The circuit of any one of claims 1-4, wherein the voltage-to-current
converter circuit comprises:

a first pair of transistors coupled in series with each other and having a
complementary type with each other, wherein a gate of one of the
first pair of transistors is coupled to an output of a sampling
circuit and configured to operate in response to a first state of the
frequency control voltage;

a second pair of transistors coupled in series with each other and having a
complementary type with each other, wherein a gate of one of the
second pair of transistors is coupled to the output of the sampling
circuit and configured to operate in response to a second state of
the frequency control voltage, the second state being an inverse of
the first state, wherein the first and second pair of transistors are
coupled in parallel at a first common node and a second common
node, the first common node coupled to the supply node; and

a current source coupled between the circuit reference node and the

second common node.
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10.

The circuit of any one of claims 1-5, wherein remaining transistors of the
first and second pairs of transistors are each coupled in a diode

configuration and coupled to the supply node.

The circuit of any one of claims 1-6, wherein a gate of the fifth transistor
is coupled to a gate of the remaining transistor of the second pair of

transistors.

The circuit of any one of claims 1-7, wherein the substantially equal
respective latencies for the frequency down indication and the frequency

up indication are each based on a one transistor latency.

The circuit of any one of claims 1-8, wherein the one transistor latency
for the frequency up indication comprises the first transistor and the one
transistor latency for the frequency down indication comprises the second

transistor.

A clock/data recovery system comprising:

a voltage controlled oscillator configured to generate a clock signal;

a phase detector coupled to the voltage controlled oscillator and
configured to generate a buffered data signal and a phase
difference control signal based on an input data signal and the
clock signal, wherein the phase difference control signal is
indicative of a phase difference between the clock signal and the
input data signal;

a reference-less frequency detector coupled to the voltage controlled
oscillator and configured to generate a frequency difference
control signal indicative of a frequency difference between the
input data signal and the clock signal, the frequency detector
comprising:

a sampling circuit configured to generate a frequency control
voltage and a switch circuit control signal based on the
frequency difference between the clock signal and the

input data signal, the frequency control voltage
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comprising a frequency down indication and a frequency
up indication; and

a voltage-to-current converter circuit coupled to the sampling
circuit and configured to convert the frequency control
voltage to a frequency control current in response to the
switch circuit control signal, the voltage-to-current
converter circuit comprising an output switch circuit
controlled by the switch control signal and configured to
have substantially equal respective latencies for the
frequency down indication and the frequency up
indication; and

a filter coupled to the phase detector and the frequency detector and

configured to output a control signal to the voltage controlled

oscillator, wherein the control signal provides an indication of a

phase difference and a frequency difference between the input

data signal and the clock signal.

11. The system of claim 10, further comprising a re-timer circuit coupled to
the voltage controlled oscillator and the phase detector, the re-timer
circuit configured to clock out the buffered data signal in response to the

clock signal.

12. The system of any one of claims 10-11, wherein the switch circuit control
signal is coupled to one transistor, having a first transistor latency, to
generate the frequency up indication and one transistor, having a second
transistor latency, to generate the frequency down indication, wherein the

first and second transistor latencies are the same.

13. The system of any one of claims 10-12, wherein the sampling circuit
comprises a first flip-flop, having a data input coupled to the clock signal
and a clock input coupled to the delayed data signal, to generate the

switch circuit control signal.
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14.

15.

16.

17.

18.

The system of any one of claims 10-13, wherein the sampling circuit
further comprises a second flip-flop coupled in series with a third flip-
flop, the second flip-flop having a data input coupled to the clock signal
and a clock input coupled to the input data signal, the third flip-flop
having a data input coupled to an output of the second flip-flop and a

clock input coupled to an output of the first flip-flop.

A method for generating a frequency control signal from a reference-less

frequency detector, the method comprising:

generating an up/down control voltage, wherein the up/down control
voltage is indicative of a frequency difference between an input
data rate and a clock frequency and comprises an up frequency
indication voltage and a down frequency indication voltage;

generating a control signal based on the data rate and the clock frequency;
and

generating the frequency control current based on the up/down control
voltage and the on/off control signal, wherein the on/off control
signal controls an output switch circuit of a voltage-to-current
converter circuit such that a latency of the up frequency
indication voltage is equal to a latency of the down frequency

indication voltage through the output switch circuit.

The method of claim 15 wherein the control signal is an on/off control

signal.

The method of any one of claims 15-16, further comprising a voltage-to-
current converter circuit operating in a frequency up mode based on the

input data rate being greater than the clock signal frequency.
The method of any one of claims 15-17, further comprising the voltage-

to-current converter circuit operating in a frequency down mode based on

the input data rate being less than the clock signal frequency.
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19.

20

21.

The method of any one of claims 15-18, further comprising:

the on/off control signal turning on a first transistor, having a first latency,
in the output switch circuit to generate the frequency control
current based on the up/down control voltage; and

the on/off control signal turning on a second transistor, having a second
latency, in the output switch circuit to generate the frequency
control current based on the up/down control voltage, wherein the

first latency and the second latency are equal.

The method of any one of claims 15-19, further comprising increasing
the clock frequency of the voltage controlled oscillator based on the up
frequency indication voltage and decreasing the clock frequency of the
voltage controlled oscillator based on the down frequency indication

voltage.

The method of any one of claims 15-20, further comprising the frequency
control current charging a loop filter to increase the clock frequency and
the frequency control current discharging the loop filter to decrease the

clock frequency.
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