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SUPPLY COMPENSATED DELAY CELL

BACKGROUND

L Claim of Priority
[0001] The present Application for Patent claims priority to Application No.
15/956,026 entitled “SUPPLY COMPENSATED DELAY CELL” filed April 18, 2018,
and assigned to the assignee hereof and hereby expressly incorporated by reference

herein.

1L Field of the Disclosure
[0002] Aspects of the disclosure relate generally to signal distribution networks, and
i particudar to reducing jiiter, or phase notse, introduced by variations iy supply to ground

potential.

III.  Background

[0003] System on a chip (SoC) are widely used in modern mobile electronics, such
as cell phones. Mobile devices are powered by batteries so low power consumption is
needed to extend the length of time a device can be operated between charges. In addition,
modern electronic circuits implemented in SoC operate at high frequencies, up to 10 — 20
GHz. At these high frequencies, where a clock or data signal can have a period as short
as 50 ps, any jitter or phase noise, even as small as 5 ps, introduced into a signal can have
very negative impact on circuit operation.

[0004] Clock and data signals, as well as radio frequency (RF) transceiver circuits
require very low-level jitter or phase noise. The jitter or phase noise can be caused by
variations, or noise, on the voltage supply or ground of the circuit, causing a variation of
the potential between the supply voltage and ground.

[0005] Figure 1 is a diagram of a typical circuit that could be used to distribute a
signal, such as a clock signal. In Figure 1 an input signal 102, such as a clock signal, is
input to a driver 104. The driver 104 is powered by a supply voltage VDD and ground
GND. The output of the driver 104 is coupled to a distribution line 106 used to couple the
output of the driver 104 to the input of a receiver circuit 108. The receiver circuit 108 is

powered by the supply voltage VDD and ground GND. An output 110 of the receiver
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circuit 108 distributes the received signal to other circuitry. The distribution line 106
includes a first capacitor 112 coupled from the distribution line 106 to ground GND. The
output 110 of the receiver circuit 108 includes a second capacitor 114 coupled from the
output 110 to ground GND. The first and second capacitors 112 and 114, respectively,
can be parasitic capacitors or physical capacitors.

[0006] Ideally, the output 110 of the receiver 108 is a duplicate of the input signal
102 with a constant delay, or constant phase shift, between the input signal 102 and output
signal 110 as the signal travels through the driver and receiver circuit. However,
variations in the potential between the supply voltage VDD and ground GND can
introduce jitter or phase noise in the output signal 110. The transconductance of the driver
circuit 102 and receiver circuit 108 are proportional to the potential between the supply
voltage VDD and ground GND. Variations in the transconductance increase or decrease
the delay of the output signal 110. As illustrated in Figure 1, when VDD to ground GND
potential is at a first level, VDD, the output signal 110 has a first delay 122. When the
VDD to ground GND potential is at a second level, VDD-AV, that is lower than the first
level, VDD, the output signal 110 has a second, longer, delay 126. As illustrated, when
VDD to ground GND is a higher potential the output signal 110 has a first delay 122 that
is less than the second delay 126, by At 130, when VDD to ground GND is a lower
potential. Variations in VDD to ground GND potential can be caused by circuit operation.
For example, in a MOSFET circuit as transistors switch ON and OFF they draw more or
less current which can cause variations in the VDD to ground GND potential. In addition,
there can be noise introduced in the ground GND by operation of other circuitry within
the SoC.

[0007] There is a need for signal distribution circuits that reduce, or make constant,
the jitter or phase noise due to variations in VDD to ground GND potential.

SUMMARY OF THE DISCLOSURE

[0008] The described aspects generally relate to reducing jitter, or phase noise, in high
speed signal transmission. Variations in power supply to ground potential change the
transconductance of circuitry used to transmit and receive signals. The change in
transconductance changes the amount of delay introduced in the signal being transmitted
through the circuity, resulting in jitter or phase noise in the transmitted signal. To reduce

jitter, or phase noise, aspects disclosed include an apparatus with a control circuit
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including a supply sense circuit configured to sense variations between a power supply to
ground potential and to generate a control signal in response to the variation, The
apparatus includes a variable impedance circuit coupled to the control circuit and a signal
distribution network, the impedance level of the variable impedance circuit adjusted in
response to the control signal. In one embodiment, the apparatus also includes a bias
circuit configured to generate a potential that is combined with the control signal to set
the control signal to a desired nominal operating range.

[0009] In an embodiment, the variable impedance circuit includes a variable
capacitor. In another embodiment, the variable impedance includes a capacitor in series
with a transistor. The transistor can be configured to operate as a switch or variable
resistor. When the transistor is operating as a variable resistor its resistance can be varied
to obtain a desired delay in response to variations in the supply to ground potential. In
another embodiment, there can be a plurality of capacitor and transistor branches coupled
to the distribution with the transistors configured as switches and a selective set of
switches closed to produce a desired capacitive load on the transmitted or received signal.
[0010] Varying the impedance on a transmitted or received signal varies the loading,
and delay, on the signal output from the transmit or receive circuitry. In this way changes
in the amount of delay introduced by variations in the supply to ground potential can be
compensated for with increase or reduction in the delay introduced by the impedance.
The delay introduced from variations in supply to ground potential and the variable
impedance can be in the opposite direction from each other to cancel each other to
produce a substantially constant phase delay, or jitter, in the transmitted or received
signal.

[0011] The apparatuses described can be used in high-speed signal distribution
networks, such as Serialized/Deserialized (SerDes) data transmission networks. The
apparatuses can also be used in clock distribution networks, RF transceiver circuits, local
oscillator distribution circuits, or any other signal distribution network. The apparatuses
can be used in both the driver side and receive side of a signal distribution network.
[0012] Also disclosed is a method of compensating for delays introduced in a signal
distribution network by variations in supply to ground potential. The method includes

sensing a variation between a supply to ground potential. Generating a control signal
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based at least in part on the variations. Adjusting a variable impedance coupled to the
signal distribution network in response to the control signal.

[0013] Various aspects and features of the disclosure are described in further detail
below.

BRIEF DESCRIPTION OF THE FIGURES

[0014] The accompanying drawings are presented to aid in the description and
illustrations of embodiments and are not intended to be limitations thereof.
[0015] Figure 1 is a diagram of a typical circuit that could be used to distribute a
signal, such as a clock signal.
[0016] Figures 2A, 2B, 2C, 2D, and 2E are diagrams illustrating aspects of the
operation of a variable impedance to compensate for variations in supply to ground
variations.
[0017] Figure 3 is a diagram of an embodiment of a supply compensated delay cell.
[0018] Figure 4 is a diagram of another embodiment of a supply compensated delay
cell 302 used at a receiver.
[0019] Figure 5 is a diagram of an embodiment of a variable impedance control
circuit.
[0020] Figure 6 is a flow chart illustrating aspects of a supply compensated delay cell.
[0021] The drawings may not depict all components of a particular apparatus,
structure, or method. Further, like reference numerals denote like features throughout the
specification and figures.

DETAILED DESCRIPTION
[0022] Aspects disclosed in the following description and related drawings are
directed to specific embodiments. Alternative embodiments may be devised without
departing from the scope of the invention. Additionally, well-known elements may not
be described in detail, or may be omitted, so as not to obscure relevant details.
Embodiments disclosed may be suitably included in any electronic device.
[0023] With reference now to the drawing, several exemplary aspects of the present
disclosure are described. The word “exemplary” is used herein to mean “serving as an
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example, instance, or illustration.” Any aspect described herein as “exemplary” is not

necessarily to be construed as preferred or advantageous over other aspects. Furthermore,
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the terminology used herein is for the purpose of describing particular embodiments and
is not intended to be limiting

[0024] A supply compensated delay cell can be used to reduce jitter or phase noise in
a signal. The supply compensated delay cell can use active delay adjustment of impedance
on the output of a driver or receiver circuit. For example, capacitive loading on the output
of a driver circuit can be adjusted with higher effective capacitive loading causing a larger
delay and lower effective capacitive loading reducing delay. The amount of effective
capacitive loading being controlled to compensate for the delay introduced due to
variation in the voltage supply to ground potential.

[0025] Figures 2A, 2B, 2C, 2D, and 2E are diagrams illustrating aspects of the
operation of a variable impedance to compensate for variations in supply to ground
variations to produce a substantially constant phase delay or jitter. As shown in Figure
2A, a driver 202 receives an input signal 204 and produces an output signal 206. Coupled
between the output signal 206 and ground GND is a variable impedance 208 shown in the
example of Figure 2A as a variable capacitor, or varactor, 210 that can be controlled by a
control signal (not shown). The driver 202 is power by a potential between a supply
voltage VDD and ground GND. As discussed above if the potential between the supply
voltage VDD and ground GND changes the transconductance of the driver changes. For
example, if the potential between the supply voltage VDD and ground GND decreases
then the transconductance of the driver 202 decreases causing an increase in the delay or
phase jitter introduced by the driver 202 between the input signal 204 and output signal
206. To compensate for the increased delay introduced by the driver 202, the variable
capacitor 210 value is decreased thereby decreasing the delay or phase jitter introduced
by the capacitor 210 loading. Likewise, if potential between the supply voltage VDD and
ground GND increases the transconductance of the driver 202 increases causing a
reduction in the delay or phase jitter introduced by the driver 202 between the input signal
204 and output signal 206. To compensate for the decreased delay introduced by the
driver 202 the variable capacitor 201 value is increased thereby increasing the delay or
phase jitter introduced by the capacitor 210 loading. Increasing or decreasing the delay
introduced by the variable impedance 208 loading compensates for the decrease or
increase in the delay introduced by variations in the supply VDD to ground GND

potential.
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[0026] Figure 2B is a circuit similar to Figure 2A with the variable impedance 208
comprising a fixed capacitor 220 in series with a variable resistor 222, that can be
controlled by a control signal (not shown), between the output signal 206 and ground
GND. In the example circuit of Figure 2B, as the potential between the supply voltage
VDD and ground GND varies causing variations in the delay or phase jitter introduced
by the driver 202, the variable impedance 208 varies by adjusting the variable resistance
222. If the delay or phase jitter introduced by the driver 202 decreases, the variable
resistor 222 is controlled (controller not shown) to decrease the resistance value of the
variable resistor 222 to increase the delay introduced by the variable impedance 208.
Likewise, if the delay or phase jitter introduced by the driver 202 increases, then the
variable resistor 222 is controlled (controller not shown) to increase the resistance value
of the variable resistor 222 to decrease the delay introduced by the variable impedance
208 to reduce additional delay. By increasing or decreasing the delay introduced by the
variable impedance 208 loading compensates for the decrease or increase in the delay
introduced by variations in the supply VDD to ground GND potential.

[0027] Figure 2C is a circuit similar to Figure 2A with the variable impedance 208
comprising a fixed capacitor 230 in series with a transistor 232. In one embodiment, the
transistor 232 is configured as a variable resistor. In the example circuit of Figure 2C,
the transistor 232 is shown as an NMOS transistor, but other transistors can be used, such
as a PMOS transistor, to operate as a variable resistor. In the example of Figure 2C, a gate
234 of the NMOS transistor 232 is controlled by a control signal (not shown) to vary the
resistance of the NMOS transistor similar to the operation described for Figure 2B. In
another embodiment, the transistor 232 is configured as a switch that can be controlled to
switch the capacitor 230 in and out of the circuit. Again, by increasing or decreasing the
delay introduced by the variable impedance 208 loading compensates for the decrease or
increase in the delay introduced by variations in the supply VDD to ground GND
potential.

[0028] Figure 2D is a circuit similar to figure 2A with the variable impedance 208
comprising a variable capacitance 240 in series with a transistor 242. In one embodiment,
the transistor 242 is configured as a variable resistor, in another embodiment the transistor
242 is configured as a switch. Again, in the example circuit of Figure 2D, the transistor

242 is shown as an NMOS transistor, but other transistors can be used, such as a PMOS
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transistor, to operate as a variable resistor. In the example of Figure 2D, a gate 244 of the
NMOS transistor 242 and the capacitance of the variable capacitor 240 are controlled by
control signals (not shown). In the embodiment where the transistor 242 is configured as
a variable resistor, the resistance of the transistor and the capacitance of the variable
capacitor 240 are controlled to vary the delay introduced by the variable impedance 208
load. In the embodiment where the transistor 242 is configured as a switch, the transistor
is turned on and off to switch the variable capacitor 240 in and out of the circuit.

[0029] Figure 2E is a circuit similar to figure 2A with the variable impedance 208
comprising one or more capacitor 250a / transistor 252a branches connected in parallel.
The capacitor 250a to 250n values in each branch being the same or different and the
transistors 252a to 252n are configured as switches. To vary the load, desired ones of the
transistor switches 252a to 252n are opened and close, by control signals (not shown) to
achieve the desired loading.

[0030] As described in Figures 2A, 2B, 2C, 2D, and 2E, to keep the delay between
an input signal and output signal substantially constant a variable impedance can be used
to increase or decrease the loading on the output of a driver to increase or decrease the
delay introduced by the loading. In other words, if the potential between the supply
voltage VDD to ground GND increases, the transconductance of the driver increases
causing the delay introduced by the driver 202 to decrease. To compensate for the
decreased delay introduced by the driver 202 the loading on the output signal 206 can be
increased to increase the delay introduced by the loading such that the overall delay
remains substantially constant regardless of variations in potential between the supply
voltage VDD and ground GND. Likewise, if the potential between the supply voltage
VDD to ground GND decreases the transconductance of the driver decreases causing the
delay introduced by the driver 202 to increase. To compensate for the increased delay
introduced by the driver 202 the loading on the output signal 206 can be decreased to
decrease the delay introduced by the capacitive loading such that the overall delay
remains substantially constant regardless of variations in potential between the supply
voltage VDD and ground GND

[0031] Figure 3 is a diagram of an embodiment of a supply compensated delay cell
302. In Figure 3 there is a driver 304 operating off a supply voltage VDD and ground
GND. The driver receives an input signal 306 and produces an output signal 308. The
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output signal 308 is a delayed replica of the input signal 306, however, as discussed above,
variations in the supply VDD to ground GND potential can cause variations in the amount
of delay or phase jitter in the output signal 308. To compensate for the variation in delay
or phase jitter the supply compensated delay circuit 302 is coupled to the output signal
308.

[0032] The supply compensated delay cell 302 illustrated in Figure 3 includes a
variable impedance circuit 320 and a control circuit 322. In the example of figure 3 the
control circuit 322 comprises a bias circuit 330, a supply sense circuit 332, and a combiner
circuit 334. The circuits in the supply compensated delay cell operate on the supply
voltage and ground but the connections are not shown, only the ground connection is
illustrated for the variable impedance circuit 320 for clarity. The variable impedance
circuit 320 can be, for example, configured similar to the variable impedance circuits 208
illustrated in Figures 2A-2E, or other variable impedance loads. The variable impedance
circuit 320 is coupled to the output of the control circuit 322.

[0033] In the control circuit 322 the supply sense circuit 332 senses variations in the
difference in potential between the supply voltage VDD and ground GND and outputs a
signal 342 based on the variations. The bias circuit 330 can be used to set a nominal
operating point of the variable impedance circuit 320. For example, the bias circuit 330
can output a signal 344 to set the operating point of the variable impedance circuit 320 to
be at a desired impedance so that the impedance can be increased and decreased from the
desired impedance to vary the impedance loading on the output signal 308. The combiner
circuit 334 combines the supply sense circuit 332 output signal 342 and the bias circuit
330 output signal 344 and outputs a control signal 346 to adjust the variable impedance
circuit 320 to a desired impedance.

[0034] In another embodiment of the supply compensated delay circuit the variable
impedance circuit 320 may be at a desired impedance without the need for a bias circuit.
In this embodiment, there would not be a bias circuit 330 or a combiner circuit 334 and
the supply sense circuit 332 output signal 342 may be coupled to the variable impedance
circuit 320.

[0035] In one embodiment, the combiner circuit 334 can output the control signal 346
that is an analog control signal that controls the variable impedance circuit 320. In another

embodiment, the combiner circuit 334 can output the control signal 346 that is a digital
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control signal that controls the variable impedance circuit 320. In another embodiment,
the combiner 334 can output the control signal 346 that includes both an analog and a
digital control signal. For example, if the variable impedance circuit 320 is configured
similar to the variable impedance 208 of Figures 2A or 2B, the control signal can be an
analog signal that adjusts the capacitance value of the variable capacitor 210 of Figure
2A or the resistance of variable resistor 222 of Figure 2B.

[0036] If the variable impedance circuit 320 is configured similar to the variable
impedance 208 of Figure 2C the control signal can be either analog or digital. In the
embodiment where the transistor 232 is configured as a variable resistance the control
signal can be analog to vary the resistance of the transistor 232. In the embodiment where
the transistor is configured as a switch the control signal can be digital to turn on and off
the transistor 232 to switch the capacitor 230 in and out of the circuit.

[0037] If the variable impedance circuit 320 is configured similar to the variable
impedance 208 of Figure 2D the control signal can be analog and digital. In the
embodiment where the transistor 242 is configured as a variable resistor then one analog
control signal can control the resistance of the transistor 230 and another to control the
capacitance of the capacitor 240. In the embodiment where the transistor 242 is
configured as a switch a digital control signal can turn the transistor 242 on and off and
an analog control signal can be used to control the capacitance of the capacitor 240.
[0038] If the variable impedance 320 is configured similar to the variable impedance
208 of Figure 2E the control signal can be a digital signal, or a plurality of digital signals
to turn the transistors 254a-n in the one or more capacitor transistor branches on and off
to get a desired capacitive load.

[0039] Figure 4 is a diagram of another embodiment of a supply compensated delay
cell 302 used at a receiver. In Figure 4, the output signal 308 from the driver is coupled
to a receiver 402 that produces a receiver output signal 404. The receiver 402 is powered
by supply voltage VDD to ground GND potential. As discussed above variations in the
potential between the supply voltage VDD and ground GND cause variations in the delay
or phase jitter in the receiver output signal 404 due to variations in the transconductance
of the receiver 402. The control circuit 322 and variable impedance circuit 320 operate in

a manner as described in connection with Figure 3.
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[0040] Figure 5 is a diagram of an embodiment of a variable impedance control
circuit. As shown in the example of Figure 5, the variable impedance control circuit
includes two portions of a bias circuit 502A and 502B, a supply sense circuit 504 and a
combiner circuit 506. In the example of Figure 5, the first portion of the bias circuit 502A
comprises a current source 510 a first resistor 512, a first NMOS transistor 514, and a
buffer 516, The current source 510 provides a current that flows through the first resistor
512 and first NMOS transistor 514. The threshold voltage of the first NMOS transistor
514 and current through the first resistor 512 generate a voltage at the input of the buffer
516. The size of the first resistor 512 can be selected to generate a desired nominal voltage
at the input to the buffer, such as a center of a desired operating range for a control range
to control a variable impedance circuit. The buffer 516 produces a first portion of the bias
circuit S02A output 518 that is equal to input voltage to the buffer 516.

[0041] The second portion of the bias circuit 502B comprises a DC bias circuit that
generates a desired voltage level at the input to a low pass filter circuit 524. A first variable
resistor 522 coupled from the input to the low pass filter 524 to ground can be adjusted
such that the second portion of the bias circuit 502B output 528 is close to the same value
as the output 518 of the first portion of the bias circuit S502A. The first variable resistor
522 can be controlled by a comparator circuit 532 that senses the difference between the
supply sense circuit 504 output 518 and the bias circuit 502 output 528 to adjust the
resistance of the variable resistor 522 to the desired value.

[0042] Components in the low pass filter 524 are selected so that the low pass filter
524 output 526 remains relatively constant relative to high frequency changes on the
supply voltage VDD. The low pass filter 524 output 526 is input to a supply sense circuit
530. The second portion of the bias circuit S02B sets the nominal output level of the
supply sense circuit 504. The transistors 540 and 542 in the supply sense circuit 504
operate on the supply voltage VDD and ground GND. Variations in the supply voltage
VDD to ground GND potential cause variations in the output level 528 of the supply sense
circuit 504.

[0043] The combiner circuit 506 receives the supply sense circuit 504 output 528 and
the bias circuit S02A output 518 and outputs a control signal 540. In the example of Figure

5 the combiner circuit 506 comprises a control variable resistor 542. A tap of the control
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variable resistor 542 can be adjusted to set a relative gain from the supply sense circuit
504 output 528 and the bias circuit S02A output 518.

[0044] In operation, if there are high frequency variation between the supply voltage
VDD and ground GND the supply sense circuit 504 output 528 will vary in response. The
bias circuit S02A output 518 will not respond to the high frequency variations between
the supply voltage VDD and ground GND. The combiner circuit 506 output 540 will
produce a voltage that can be used to control the value of a variable impedance circuit,
such as the variable impedances in the examples of Figures 2A-E. Asnoted, the combiner
circuit 506 output 540 can be used as an analog control to control the variable impedance,
or there could be additional circuitry to condition the control signal. In addition, the
combiner circuit 506 can include circuitry to convert the analog control signal to one or
more digital signals used to control transistors configured as switches, such as described
in connection with Figures 2A-2E.

[0045] Figure 6 is a flow chart illustrating aspects of a supply compensated delay cell.
Flow begins in block 602 where a variation between a power supply to ground potential
of circuitry in a signal distribution network is sensed. Flow continues to block 604 where
a control signal is generated based, at least in part, on the variation in the supply to ground
variation. Flow continues to block 606 where a variable impedance attached to the signal
distribution network is adjusted based on the control signal.

[0046] The supply compensated delay cell can be used in many different applications.
For example, the supply compensated delay cell can be used in a high data rate serial link,
such as a high speed Serializer/Deserializer (SerDes) high speed communication network.
The supply compensated delay cell can also be used in RF applications, for example,
cellular and millimeter wave transceiver circuits with local oscillator distribution
networks. The supply compensated delay cell can be used in high speed clock distribution
networks. The supply compensated delay network can be used in any delay/buffer circuit
with poor supply noise rejection.

[0047] A supply compensated delay circuit may be included in many types of devices.
For example, a hand-held personal communication system (PCS) unit, a portable data unit
such as a personal digital assistant (PDA), a GPS enabled device, a navigation device, a
set top box, a laptop, a tablet, a desktop computer, a data center server, a music player, a

video player, an entertainment unit, a fixed location data unit such as a meter reading
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equipment, or a communications device, including an RF front end module, or
combinations thereof. The disclosure is not limited to these exemplary illustrated units.
[0048] The various illustrative logical blocks, modules, and circuits described in
connection with the aspects disclosed herein may be implemented or performed in an
integrated circuit (IC), a system on a chip (SoC), an Application Specific Integrated
Circuit (ASIC), a Field Programmable Gate Array (FPGA) or other programmable logic
device, discrete gate or transistor logic, discrete hardware components, or any
combination thereof designed to perform the functions described herein.

[0049] It is also noted that the operational steps described in any of the exemplary
aspects herein are described to provide examples and discussion. The operations
described may be performed in numerous different sequences other than the illustrated
sequences. Furthermore, operations described in a single operational step may actually
be performed in a number of different steps. Additionally, one or more operational steps
discussed in the exemplary aspects may be combined. It is to be understood that the
operational steps illustrated in flow chart diagrams may be subject to numerous different
modifications as will be readily apparent to one of skill in the art. Those of skill in the
art will also understand that information and signals may be represented using any of a
variety of different technologies and techniques. For example, data, instructions,
commands, information, signals, bits, symbols, and chips that may be referenced
throughout the above description may be represented by voltages, currents,
electromagnetic waves, magnetic fields or particles, optical fields or particles, or any
combination thereof.

[0050] The previous description of the disclosure is provided to enable any person
skilled in the art to make or use the disclosure. Various modifications to the disclosure
will be readily apparent to those skilled in the art, and the generic principles defined herein
may be applied to other variations without departing from the spirit or scope of the
disclosure. Thus, the disclosure is not intended to be limited to the examples and designs
described herein, but is to be accorded the widest scope consistent with the principles and

novel features disclosed herein.



