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STABLE DIFFERENTIAL CRYSTAL OSCILLATOR WITH
ACTIVE SUPER DIODES

TECHNICAL FIELD

[0001] The example embodiments relate generally to crystal oscillators, and specifically

to differential crystal oscillators.

BACKGROUND OF RELATED ART

[0002] Wireless devices may communicate with other devices using multiple
technologies, including wireless local area network (WLAN) signals (e.g., 900 MHz, 2.4 GHz, 5
GHz, and 60 GHz signaling), BLUETOOTH® (BT or Bluetooth) signals, near field
communication (NFC) signals, and cellular signals such as long term evolution (LTE) signals.
For example, a wireless device may include a transmitter to transmit communication signals to
other devices, and may include a receiver to receive communication signals from other

devices.

[0003] Some transmitted communication signals may include one or more undesired
signal components. These undesired signal components may include unwanted harmonics of
clock signals. These unwanted harmonics, which are commonly referred to as frequency

spurs, may degrade performance of the device.

[0004] Many wireless devices include crystal oscillators to generate clock signals. For
example, a crystal oscillator may be used to generate a highly accurate reference clock signal
that, in turn, may be used to generate radio-frequency (RF) signals such as carrier signals and
local oscillator (LO) signals. Unwanted harmonics of the clock signal generated by the crystal
oscillator may be coupled into other sensitive circuits and components of the wireless device,

and may undesirably appear at outputs of the wireless device’s transceiver.

[0005] Thus, it is desirable to reduce or eliminate these unwanted clock signal
harmonics.

SUMMARY

[0006] This Summary is provided to introduce in a simplified form a selection of

concepts that are further described below in the Detailed Description. This Summary is not
intended to identify key features or essential features of the claimed subject matter, nor is it

intended to limit the scope of the claimed subject matter.
1
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[0007] Apparatus are disclosed for differential crystal oscillator circuits. In one example,
a differential crystal oscillator circuit is disclosed, and may include a crystal, coupled between
a first terminal and a second terminal, to generate an oscillating signal. The differential crystal
oscillator circuit may also include a first transistor, a second transistor, a first super diode, and
a second super diode. The first transistor may include a drain coupled to the first terminal, a
gate coupled to the second terminal, and a source coupled to a supply voltage. The second
transistor may a drain coupled to the second terminal, a gate coupled to the first terminal, and
a source coupled to the supply voltage. The first super diode may be coupled between the first
terminal and the supply voltage, the first super diode including a first transconductance (Gm)
amplifier coupled to a first diode-connected transistor. The second super diode may be
coupled between the second terminal and the supply voltage, the second super diode

including a second Gm amplifier coupled to a second diode-connected transistor.

[0008] In another example, a differential crystal oscillator circuit is disclosed that may
include a crystal, coupled between a first terminal and a second terminal, to generate an
oscillating signal. The differential crystal oscillator circuit may also include a first transistor, a
second transistor, a first super diode, and a second super diode. The transistor may include a
drain coupled to the first terminal, a gate coupled to the second terminal, and a source
coupled to ground potential. The second transistor may include a drain coupled to the second
terminal, a gate coupled to the first terminal, and a source coupled to ground potential. The
first super diode may be coupled between the first terminal and ground potential, the first
super diode including a first transconductance (Gm) amplifier coupled to a first diode-
connected transistor. The second super diode may be coupled between the second terminal
and ground potential, the second super diode including a second Gm amplifier coupled to a

second diode-connected transistor.

[0009] In another example, a circuit to provide a clock signal is disclosed. The circuit
may include a crystal, coupled between a first terminal and a second terminal, to generate an
oscillating signal. The circuit may include a pair of cross-coupled transistors coupled to the
crystal, and may include a pair of super diodes. Each of the pair of super diodes may be
coupled to a respective one of the first and second terminals, may be configured to exhibit a
negligible transconductance at an oscillation frequency of the oscillating signal, and may be
configured to provide a direct-current (DC) path, between a first voltage and a respective one
of the first and second terminals, for a range of frequencies that is less than the oscillation

frequency of the oscillating signal.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The example embodiments are illustrated by way of example and are not

intended to be limited by the figures of the accompanying drawings.

[0011] FIG. 1 shows a block diagram of a wireless system within which the example

embodiments may be implemented.

[0012] FIG. 2 shows a block diagram of a wireless device within which the example

embodiments may be implemented.

[0013] FIG. 3 shows a block diagram of an example wireless transceiver, in accordance

with example embodiments.

[0014] FIG. 4 shows a differential LC oscillator circuit.

[0015] FIG. 5 shows a differential crystal oscillator circuit employing source
degeneration.

[0016] FIG. 6 shows a circuit diagram of a super diode in accordance with example

embodiments.

[0017] FIG. 7A shows a circuit diagram of a differential crystal oscillator circuit in

accordance with some embodiments.

[0018] FIG. 7B shows a circuit diagram of a differential crystal oscillator circuit in

accordance with other embodiments.

[0019] FIG. 7C shows a circuit diagram of a differential crystal oscillator circuit in

accordance with other embodiments.

[0020] FIG. 7D shows a partial circuit diagram of the differential crystal oscillator circuit
of FIG. 7A.

[0021] Like reference numerals refer to corresponding parts throughout the drawing
figures.

DETAILED DESCRIPTION

[0022] The example embodiments are described below in the context of a wireless
device deployed in a WLAN system for simplicity only. It is to be understood that the example
embodiments are equally applicable to devices deployed in other wireless systems or
networks (e.g., cellular networks, pico networks, femto networks, satellite networks), as well as

to devices deployed in wired systems or networks (e.g., Ethernet and/or HomePIlug/PLC
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standards). As used herein, the terms “WLAN” and “Wi-Fi®” may include communications
governed by the IEEE 802.11 family of standards, Bluetooth, HiperLAN (a set of wireless
standards, comparable to the IEEE 802.11 standards, used primarily in Europe), and other
technologies having relatively short radio propagation range. Thus, the terms “WLAN” and
“Wi-Fi” may be used interchangeably herein. In addition, although described below in terms of
an infrastructure WLAN system including one or more APs and a number of STAs, the
example embodiments are equally applicable to other WLAN systems including, for example,
multiple WLANS, peer-to-peer (or Independent Basic Service Set) systems, Wi-Fi Direct
systems, and/or Hotspots. In addition, although described herein in terms of exchanging data
frames between wireless devices, the example embodiments may be applied to the exchange
of any data unit, packet, and/or frame between wireless devices. Thus, the term “frame” may
include any frame, packet, or data unit such as, for example, protocol data units (PDUs), MAC
protocol data units (MPDUSs), and physical layer convergence procedure protocol data units
(PPDUs). The term “A-MPDU” may refer to aggregated MPDUs.

[0023] The terminology used herein is for the purpose of describing particular aspects
only and is not intended to be limiting of the aspects. As used herein, the singular forms “a,”
“an” and “the” are intended to include the plural forms as well, unless the context clearly

» o

indicates otherwise. It will be further understood that the terms “comprises,” “comprising,”
“‘includes” or “including,” when used herein, specify the presence of stated features, integers,
steps, operations, elements, or components, but do not preclude the presence or addition of
one or more other features, integers, steps, operations, elements, components, or groups
thereof. Moreover, it is understood that the word “or” has the same meaning as the Boolean
operator “OR,” that is, it encompasses the possibilities of “either” and “both” and is not limited
to “exclusive or” (“XOR?”), unless expressly stated otherwise. It is also understood that the
symbol “/" between two adjacent words has the same meaning as “or” unless expressly stated
otherwise. Moreover, phrases such as “connected to,” “coupled to” or “in communication with”

are not limited to direct connections unless expressly stated otherwise.

[0024] Also, in the following description and for purposes of explanation, specific
nomenclature is set forth to provide a thorough understanding of the example embodiments.
However, it will be apparent to one skilled in the art that these specific details may not be
required to practice the example embodiments. In other instances, well-known circuits and
devices are shown in block diagram form to avoid obscuring the present disclosure. The
example embodiments are not to be construed as limited to specific examples described
herein but rather to include within their scopes all embodiments defined by the appended
claims.
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[0025] As mentioned above, many wireless devices include a crystal oscillator to
generate clock signals. A differential crystal oscillator, which typically includes a cross-coupled
pair of transistors as an active device, may be more immune to interference and frequency
spurs than a single-ended crystal oscillator. Single-ended crystal oscillators typically include a
low-impedance direct-current (DC) path that may prevent the oscillator from latching.
Differential crystal oscillators typically lack such a low-impedance DC path that ensures
continued oscillation, and instead may include high-pass filtering and/or source degeneration
to avoid latching at relatively low frequencies. However, high-pass filtering and/or source
degeneration may not only exhibit poor phase noise performance but may also consume

significant power.

[0026] Thus, a differential crystal oscillator circuit is disclosed that may be more power-
efficient and more stable than conventional differential crystal oscillator circuits. In accordance
with example embodiments, differential crystal oscillator circuits disclosed herein may include
a number of active super diodes to provide a low-impedance DC path at relatively low
frequencies, for example, to prevent the oscillator circuit from latching at the relatively low
frequencies. As used herein, the term “relatively low frequencies” may refer to a range of
frequencies that is less than one or more desired oscillation frequencies. More specifically, for
at least some embodiments, each of the active super diodes may include a transconductance
(Gm) amplifier coupled between the source and gate terminals of a diode-connected
transistor. The Gm amplifier may be configured to have a bandwidth limited to these relatively
low frequencies, for example, so that the active super diodes may exhibit a relatively small
impedance (e.g., a positive transconductance) for relatively low frequencies, and may exhibit a
relatively large impedance (e.g., a negligible transconductance) for the desired oscillation
frequencies. These and other details of the example embodiments, which provide one or
more technical solutions to the aforementioned technical problems, are described in more

detail below.

[0027] FIG. 1 is a block diagram of a wireless system 100 within which the example
embodiments may be implemented. The wireless system 100 is shown to include four wireless
stations STA1-STA4, a wireless access point (AP) 110, and a wireless local area network
(WLAN) 120. The WLAN 120 may be formed by a plurality of Wi-Fi access points (APs) that
may operate according to the IEEE 802.11 family of standards (or according to other suitable
wireless protocols). Thus, although only one AP 110 is shown in FIG. 1 for simplicity, itis to be
understood that WLAN 120 may be formed by any number of access points such as AP 110.
The AP 110 is assigned a unique media access control (MAC) address that is programmed

therein by, for example, the manufacturer of the access point. Similarly, each of stations
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STA1-STA4 is also assigned a unique MAC address. For some embodiments, the wireless
system 100 may correspond to a multiple-input multiple-output (MIMO) wireless network.
Further, although the WLAN 120 is depicted in FIG. 1 as an infrastructure BSS, for other
example embodiments, WLAN 120 may be an IBSS, an ad-hoc network, or a peer-to-peer

(P2P) network (e.g., operating according to the Wi-Fi Direct protocols).

[0028] Each of stations STA1-STA4 may be any suitable Wi-Fi enabled wireless device
including, for example, a cell phone, personal digital assistant (PDA), tablet device, laptop
computer, or the like. Each of stations STA1-STA4 may also be referred to as a user
equipment (UE), a subscriber station, a mobile unit, a subscriber unit, a wireless unit, a remote
unit, a mobile device, a wireless device, a wireless communications device, a remote device, a
mobile subscriber station, an access terminal, a mobile terminal, a wireless terminal, a remote
terminal, a handset, a user agent, a mobile client, a client, or some other suitable terminology.
For at least some embodiments, each of stations STA1-STA4 may include one or more
transceivers, one or more processing resources (e.g., processors and/or ASICs), one or more
memory resources, and a power source (e.q., a battery). The memory resources may include
a non-transitory computer-readable medium (e.g., one or more nonvolatile memory elements,
such as EPROM, EEPROM, Flash memory, a hard drive, etc.) that stores instructions to be

executed by the one or more processing resources.

[0029] The AP 110 may be any suitable device that allows one or more wireless
devices to connect to a network (e.g., a local area network (LAN), wide area network (WAN),
metropolitan area network (MAN), and/or the Internet) via AP 110 using Wi-Fi, Bluetooth, or
any other suitable wireless communication standards. For at least one embodiment, AP 110
may include one or more transceivers, one or more processing resources (e.g., processors
and/or ASICs), one or more memory resources, and a power source. The memory resources
may include a non-transitory computer-readable medium (e.g., one or more nonvolatile
memory elements, such as EPROM, EEPROM, Flash memory, a hard drive, etc.) that stores

instructions to be executed by the one or more processing resources.

[0030] For the stations STA1-STA4 and/or AP 110, the one or more transceivers may
include Wi-Fi transceivers, Bluetooth transceivers, cellular transceivers, and/or other suitable
radio frequency (RF) transceivers (not shown for simplicity) to transmit and receive wireless
communication signals. Each transceiver may communicate with other wireless devices in
distinct operating frequency bands and/or using distinct communication protocols. For
example, the Wi-Fi transceiver may communicate within a 2.4 GHz frequency band and/or
within a 5 GHz frequency band in accordance with the IEEE 802.11 specification. The cellular
transceiver may communicate within various RF frequency bands in accordance with a 4G

6
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Long Term Evolution (LTE) protocol described by the 3rd Generation Partnership Project
(3GPP) (e.g., between approximately 700 MHz and approximately 3.9 GHz) and/or in
accordance with other cellular protocols (e.g., a Global System for Mobile (GSM)
communications protocol). In other embodiments, the transceivers included within the stations
STA1-STA4 and/or AP 110 may be any technically feasible transceiver such as a ZigBee
transceiver described by a specification from the ZigBee specification, a WiGig transceiver,

and/or a HomePlug transceiver described a specification from the HomePlug Alliance.

[0031] FIG. 2 shows a block diagram of a wireless device 200 in accordance with
example embodiments. The wireless device 200 may be one example of a STA (e.g., stations
STA1-STA4 of FIG. 1) or an AP (e.g., AP 110 of FIG. 1). The wireless device 200 is shown to
include a transceiver 210, a processor 220, a memory 230, and a number of antennas 240(1)-
240(n). The transceiver 210 may be used to communicate with other wireless devices or a
WLAN server (not shown for simplicity) associated with WLAN 120 of FIG. 1 either directly or
via one or more intervening networks. Transceiver 210 is shown to include a number of
transceiver (TX/RX) chains 211(1)-211(m). Although not shown for simplicity, each of the
transceiver chains 211(1)-211(m) may include a transmit chain to process and transmit signals
to other wireless devices via antennas 240(1)-240(n), and may include a receive chain to
process signals received from antennas 240(1)-240(n). Thus, for example embodiments, the
wireless device 200 may be configured for MIMO operations. The MIMO operations may
include single-user MIMO (SU-MIMOQO) operations and multi-user MIMO (MU-MIMO)
operations. Although not shown in FIG. 2 for simplicity, transceiver chains 211(1)-211(m) may

be selectively coupled to antennas 240(1)-240(n) by a suitable antenna selection circuit.

[0032] The processor 220, which is coupled to transceiver 210 and to memory 230, may
be any suitable one or more processors capable of executing scripts or instructions of one or
more software programs stored in wireless device 200 (e.g., within memory 230). The
processor 220 may manage radio functions for wireless device 200 (e.g., to generate signals
to be transmitted from wireless device 200 and/or to process signals received by wireless
device 200).

[0033] Memory 230 may include a non-transitory computer-readable storage medium
(e.g., one or more nonvolatile memory elements, such as EPROM, EEPROM, Flash memory,

a hard drive, etc.) that may store instructions to be executed by the processor 220.

[0034] FIG. 3 is a block diagram of an example transceiver 300 that may be one
embodiment of transceiver 210 of FIG. 2. Transceiver 300, which is shown in FIG. 3 as
including a transmitter unit 310 and a receiver unit 350, may utilize quadrature amplitude

modulation (QAM) schemes for exchanging data (e.g., symbols) with other wireless devices.
7
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Thus, for the example depicted in FIG. 3, the transmitter unit 310 may include an in-phase (1)
signal path to process in-phase signals, and may include a quadrature (Q) signal path to
process quadrature signals. Similarly, the receiver unit 350 may include an in-phase (I) signal
path to process in-phase signals, and may include a quadrature (Q) signal path to process
quadrature signals. Further, although shown in FIG. 3 as including a single-chain transmitter
unit 310 and a single-chain receiver unit 350, the transceiver 300 may include any number
(e.g., a multitude) of transmit chains and receive chains, for example, to provide MIMO

capabilities, dual-band operation, channel diversity, and so on.

[0035] The transceiver 300 may include or otherwise be associated with a crystal
oscillator circuit 303. Although the example of FIG. 3 depicts the crystal oscillator circuit 303
as external to transmitter unit 310 and receiver unit 350, for other implementations, the crystal
oscillator circuit 303 may be provided within transmitter unit 310 and/or receiver unit 350.
Crystal oscillator circuit 303 may generate a reference clock signal (CLK), which in turn may
be provided to transmitter unit 310 and receiver unit 350. The transmitter unit 310 and
receiver unit 350 may use the reference clock signal CLK for any suitable purposes including,
for example, generating clock and/or other timing signals, generating local oscillator signals,

and generating carrier signals.

[0036] For the example of FIG. 3, the reference clock signal CLK may be provided to a
receiver phase locked-loop (RX PLL) circuit 304 provided within receiver unit 350. The RX PLL
circuit 304, which may be any suitable PLL circuit (or delay locked-loop circuit), may provide
the phase-locked reference clock signal CLK to an RX local oscillator (LO) generator 305.

The RX LO generator 305 may generate one or more local oscillator signals for use in receiver
unit 350. For the example of FIG. 3, RX LO generator 305 may generate an in-phase LO
signal LOrx (I) and a quadrature LO signal LOrx (Q). The LO signal LOrx (I) may be provided
to mixer 364A in receiver unit 350, and the LO signal LOrx (Q) may be provided to mixer 364B
in receiver unit 350.

[0037] The reference clock signal CLK may also be provided to a transmitter phase
locked-loop (TX PLL) circuit 306 provided within transmitter unit 310. The TX PLL circuit 306,
which may be any suitable PLL circuit (or delay locked-loop circuit), may provide a phase-
locked reference clock signal CLK to a TX local oscillator (LO) generator 307. The TX LO
generator 307 may generate one or more local oscillator signals for use in transmitter unit 310.
For the example of FIG. 3, TX LO generator 307 may generate an in-phase LO signal LOvx (I)
and a quadrature LO signal LOtx (Q). The LO signal LOx (I) may be provided to mixer 324A
in transmitter unit 310, and the LO signal LOrx (Q) may be provided to mixer 324B in
transmitter unit 310.
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[0038] The transmitter unit 310 may include one or more antennas 302, a transmitter
analog front end (AFE) 320, and a transmitter baseband processor 340. In the example of
FIG. 3, the transmitter AFE 320 includes a digital-to-analog converter (DAC) 321A for the in-
phase (l) signal path, amplifier/filter 322A for the | signal path, a local oscillator (LO) mixer
324A for the | signal path, a DAC 321B for the quadrature (Q) signal path, amplifier/filter 322B
for the Q signal path, an LO mixer 324B for the Q signal path, a combiner 372, a variable gain
amplifier (VGA) 326, and a power amplifier (PA) 328. The mixers 324A and 324B may up-
convert the | and Q signals from baseband directly to the carrier frequency by mixing the | and
Q signals with local oscillator signals LOrx (I) and LO1x (Q), respectively, where the frequency
of the local oscillator signals LO~x (I) and LOtx (Q) may be the carrier frequency. The
combiner 372 may combine the up-converted | and Q signals into a transmit signal that may
be amplified by VGA 326 and PA 328 before wireless transmission from antenna 302 (e.g., at

the carrier frequency for a channel selected for transmission).

[0039] The receiver unit 350 may include one or more antennas 301, a receiver AFE
360, and a receiver baseband processor 380. The receiver AFE 360 includes a low-noise
amplifier (LNA) 361, a VGA 362, an LO mixer 364A for the | signal path, amplifier/filter 366A
for the | signal path, an analog-to-digital converter (ADC) 368A for the | signal path, an LO
mixer 364B for the Q signal path, amplifier/filter 366B for the Q signal path, and an ADC 368B
for the Q signal path. The mixers 364A and 364B may directly down-convert the received
signal into baseband | and Q signals by mixing the received signal with local oscillator signals
LOrx (1) and LOrx (Q), respectively, where the frequency of the local oscillator signals LOrx (I)

and LOrx (Q) is ideally the carrier frequency.

[0040] Mismatch between mixers 364A and 364B, between amplifiers/filters 366A and
366B, and/or between ADCs 368A and 368B may result in receiver-side I/Q mismatch.
Similarly, mismatch between mixers 324A and 324B, between amplifiers/filters 322A and
322B, and/or between DACs 321A and 321B may result in receiver-side I/Q mismatch. A
difference between the frequency of the local oscillator signals in the receiver unit 350 and the
corresponding frequency of local oscillator signals in the transmitter unit 310 may result in
carrier frequency offset. Further, a difference between the phase and/or frequency of the local
oscillator signals in the receiver unit 350 and the corresponding phase and/or frequency of
local oscillator signals in the transmitter unit 310 may result in carrier phase offset. For the
example of FIG. 3, the receiver baseband processor 380 may include a signal impairment
compensation unit 385 for estimating and compensating for the above-described signal

impairments and 1/Q mismatch in both in the transmitter unit 310 and the receiver unit 350.
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[0041] The components described with reference to FIG. 3 are exemplary only. In
various embodiments, one or more of the components described may be omitted, combined,
or modified, and additional components may be included. For example, the transmitter unit
310 and receiver unit 350 may share one or more common antennas, and/or may have
various additional antennas and transmitter/receiver chains. In some implementations, the

transceiver 300 may include less or more filters and/or amplifiers.

[0042] As mentioned above, differential oscillator circuits may be more immune to
interference and frequency spurs than single-ended oscillator circuits. Some differential
oscillator circuits may include an inductor-capacitor (LC) tank circuit to generate an oscillating
signal. For example, FIG. 4 shows a circuit diagram for an example differential LC oscillator
circuit 400. As shown in FIG. 4, the differential LC oscillator circuit 400 may include a
capacitor 410, an inductor 420, a first pair of cross-coupled transistors 430 and 440, and a
second pair of cross-coupled transistors 450 and 460. The capacitor 410 and inductor 420
may form an LC tank circuit having a first terminal (T1) and a second terminal (T2). Transistor
430 is coupled between a supply voltage Vpp and the first terminal, and includes a gate
coupled to the second terminal. Transistor 440 is coupled between Vpp and the second
terminal, and includes a gate coupled to the first terminal. Transistor 450 is coupled between
the first terminal and ground, and includes a gate coupled to the second terminal. Transistor
460 is coupled between the second terminal and ground, and includes a gate coupled to the
first terminal.

[0043] As mentioned above, differential oscillator circuits may latch up at relatively low
frequencies (e.g., rather than oscillating) due to the lack of a low-impedance DC path. The
differential LC oscillator circuit 400 depicted in FIG. 4 lacks a low-impedance DC path, and

may therefore be susceptible to latching at relatively low frequencies.

[0044] One solution to prevent latching at relatively low frequencies is to employ high-
pass filtering or source degeneration techniques within a differential oscillator circuit. For
example, FIG. 5 shows a differential crystal oscillator circuit 500 that employs current source
degeneration with AC coupling. The differential crystal oscillator circuit 500 is shown to
include a crystal oscillator 510, a first current source 520 coupled between Vpp and a first
terminal (T1) of crystal oscillator 510, a second current source 530 coupled between Vpp and
a second terminal (T2) of crystal oscillator 510, a pair of cross-coupled transistors 540 and
550, a pair of source degeneration transistors 560 and 570, and a capacitor 580. The current
sources 520 and 530 may regulate the amplitude of the oscillation signal generated by crystal
oscillator 510. Capacitor 580, which is coupled between respective source terminals of cross-
coupled transistors 540 and 550, may determine a frequency above which the crystal oscillator
10
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510 may oscillate (and below which DC stabilization may cause undesirable latching). Source
degeneration transistor 560 is coupled between transistor 540 and ground potential, and
includes a gate coupled to the first terminal T1. Source degeneration transistor 570 is coupled
between transistor 550 and ground potential, and includes a gate coupled to the second
terminal T2. Together, source degeneration transistors 560 and 570 may prevent differential
crystal oscillator circuit 500 from latching at relatively low frequencies. However, the source
degeneration transistors 560 and 570 may result in increased phase noise (e.g., as compared
with the differential LC oscillator circuit 400 of FIG. 4).

[0045] In accordance with the example embodiments, a differential crystal oscillator
circuit may include one or more active super diodes that may prevent latching at relatively low
frequencies by providing a low-impedance DC path. For example, FIG. 6 shows a circuit
diagram of an active super diode 600 in accordance with example embodiments. The active
super diode 600 may include a first node N1, a second node N2, a transconductance (Gm)
amplifier 610, and a diode-connected transistor 620. The Gm amplifier 610 includes an input
terminal coupled to node N1, an output terminal coupled to a gate of the diode-connected
transistor 620, a first power terminal coupled to Vpp, and a second power terminal coupled to
ground potential. The diode-connected transistor 620 includes a source coupled to the second
node N2, and a drain coupled to the input terminal of the Gm amplifier 610. For example
embodiments discussed herein, the diode-connected transistor 620 may be a PMOS
transistor. For other implementations, the diode-connected transistor 620 may be an NMOS

transistor, a field-effect transistor (FET), a CMOS transistor, or any other suitable transistor.

[0046] As depicted in FIG. 6, the Gm amplifier 610 is coupled between the drain and
gate terminals of the diode-connected transistor 620, and is thus effectively integrated within
the diode-connected transistor 620. As a result, the Gm amplifier 610 may increase the
transconductance of the diode-connected transistor 620 (e.q., as compared with a diode-
connected transistor that does not include a Gm amplifier coupled between its drain and gate

terminals).

[0047] For the example embodiments, the Gm amplifier 610 may be configured to have
a bandwidth limited to a range of relatively low frequencies, (as compared with a range of
desired oscillation frequencies). More specifically, for the range of relatively low frequencies
associated with the Gm amplifier 610’s bandwidth, the Gm amplifier 610 may have a positive
gain that causes the Gm amplifier 610 to amplify the voltage at node N1. In this manner, the
Gm amplifier 610 may amplify the voltage at the drain of diode-connected transistor 620, and
then provide the resulting amplified voltage to the gate of diode-connected transistor 620. The

resulting amplified voltage may turn on diode-connected transistor 620, thereby minimizing its
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series resistance at relatively low frequencies. As a result, active super diode 600 may exhibit
a relatively small impedance (e.g., a relatively high positive transconductance) for relatively
low frequencies, which in turn may prevent an associated differential crystal oscillator circuit

from latching at relatively low frequencies.

[0048] For frequencies outside the bandwidth of Gm amplifier 610 (e.qg., for the desired
oscillation frequency or frequencies), the Gm amplifier's gain may decrease to a level that
causes the diode-connected transistor 620 to turn off, thereby increasing the series resistance
of the diode-connected transistor 620. As a result, active super diode 600 may exhibit a
relatively high impedance (e.g., a negligible positive transconductance) for the desired
oscillation frequency, which in turn may allow the associated differential crystal oscillator

circuit to provide a stable and continuous oscillating signal.

[0049] As explained in more detail below with respect to FIG. 7A, the example
embodiments may employ a number of active super diodes 600 within a differential crystal
oscillator circuit to prevent the differential crystal oscillator circuit from latching at relatively low
frequencies without impairing the ability of the differential crystal oscillator circuit to generate a

stable and continuous oscillating signal at a desired oscillation frequency.

[0050] FIG. 7A shows an example differential crystal oscillator circuit 700A in
accordance with some embodiments. The differential crystal oscillator circuit 700A is shown
to include a crystal 710, a first circuit 720 formed by a first pair of cross-coupled transistors
721 and 722, a second circuit 730 formed by a second pair of cross-coupled transistors 731
and 732, a first active super diode 600A, and a second active super diode 600B. The first
active super diode 600A may include a first Gm amplifier 610A and a first diode-connected
transistor 620A. The second active super diode 600B may include a second Gm amplifier
610B and a second diode-connected transistor 620B. For purposes of discussion herein, the
first and second active super diodes 600A and 600B may be embodiments of the active super
diode 600 of FIG. 6.

[0051] The crystal 710, which may be any suitable type of crystal that generates an
oscillating signal (e.g., a quartz crystal), is coupled between a first terminal (T1) and a second
terminal (T2) of the differential crystal oscillator circuit 700A. The crystal 710 may generate an
oscillating signal in a well-known manner. The oscillating signal may be amplified and/or
stabilized by the first circuit 720, the second circuit 730, and/or the active super diodes 600A
and 600B. For other embodiments, other suitable oscillating devices or structures may be
used for crystal 710.

[0052] Transistor 721 may have a source coupled to a supply voltage Vpp, a gate

coupled to the second terminal T2, and a drain coupled to the first terminal T1. Transistor 722
12
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may have a source coupled to Vpp, a gate coupled to the first terminal T1, and a drain coupled
to the second terminal T2. The first circuit 720 formed by cross-coupled transistors 721 and
722 may provide a negative impedance (e.g., between crystal 710 and Vpp) that allows the

crystal 710 to oscillate at a desired oscillation frequency.

[0053] Transistor 731 may have a drain coupled to the first terminal T1, a gate coupled
to the second terminal T2, and a source coupled to ground potential. Transistor 732 may have
a drain coupled to the second terminal T2, a gate coupled to the first terminal T1, and a source
coupled to ground potential. The second circuit 730 formed by cross-coupled transistors 731
and 732 may also provide a negative impedance (e.g., between crystal 710 and ground

potential) that allows the crystal 710 to oscillate at the desired oscillation frequency.

[0054] The first active super diode 600A may be coupled between the first terminal T1
and Vpp. The second active super diode 600B may be coupled between the second terminal
T2 and Vpp. The first and second active super diodes 600A and 600B may each exhibit a
relatively small impedance (e.g., a relatively high positive transconductance) at relatively low
frequencies, and may each exhibit a relatively high impedance (e.g., a negligible positive

transconductance) at the desired oscillation frequency.

[0055] The negative impedances provided by the first circuit 720 and the second circuit
730 may vary based, at least in part, on values of applied voltages and/or currents. Thus, for
at least some implementations, the first circuit 720 and/or the second circuit 730 may be
configured to provide negative impedances only over a selected range of frequencies, for
example, that corresponds to the desired oscillation frequency. For example, at the desired
oscillation frequency, the negative impedances provided by the first circuit 720 and the second
circuit 730 may cancel a positive impedance associated with the crystal 710 (e.g., around the
desired oscillation frequency), thereby creating a lossless resonator that may continuously

generate an oscillating signal at the desired oscillation frequency.

[0056] At the relatively low frequencies, the relatively high positive transconductance
exhibited by the first active super diode 600A may provide a low-impedance DC path between
Voo and the first terminal T1, and the relatively high positive transconductance exhibited by the
second active super diode 600B may provide a low-impedance DC path between Vpp and the
second terminal T2. The low-impedance DC paths between Vpp and each of the first and
second terminals T1 and T2 may prevent the differential crystal oscillator circuit 700A from

latching at relatively low frequencies.

[0057] At the desired oscillation frequency (e.g., at relatively high frequencies), the
negligible positive transconductance exhibited by the first active super diode 600A may allow

the tank circuit formed by crystal 710 and the circuits 720 and 730 to maintain a negative
13
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transconductance level suitable for starting (and maintaining) oscillation. In other words, by
configuring the Gm amplifiers 610A and 610B to have bandwidths limited to relatively low
frequencies, the first and second active super diodes 600A and 600B may prevent latching at
relatively low frequencies without degrading the ability of the differential crystal oscillator circuit
700A to generate a stable and continuous oscillating signal at the desired oscillation

frequency.

[0058] FIG. 7B shows a differential crystal oscillator circuit 700B in accordance with
other embodiments. The differential crystal oscillator circuit 700B of FIG. 7B is similar to the
differential crystal oscillator circuit 700A of FIG. 7A, except that the active super diodes 600A
and 600B are coupled to the second circuit 730 (rather than to the first circuit 720). More
specifically, for the example of FIG. 7B, the first active super diode 600A is coupled between
the first terminal T1 and ground potential, and the second active super diode 600B is coupled
between the second terminal T2 and ground potential. At the relatively low frequencies, the
relatively high positive transconductance exhibited by the first active super diode 600A may
provide a low-impedance DC path between the first terminal T1 and ground potential, and the
relatively high positive transconductance exhibited by the second active super diode 600B
may provide a low-impedance DC path between the second terminal T2 and ground potential.
The low-impedance DC paths between ground potential and each of the first and second
terminals T1 and T2 may prevent the differential crystal oscillator circuit 700B from latching at

relatively low frequencies.

[0059] At the desired oscillation frequency (e.g., at relatively high frequencies), the
negligible positive transconductance exhibited by the first active super diode 600A may allow
the tank circuit formed by crystal 710 and the circuits 720 and 730 to maintain a negative
transconductance level suitable for starting (and maintaining) oscillation. In other words, by
configuring the Gm amplifiers 610A and 610B to have bandwidths limited to relatively low
frequencies, the first and second active super diodes 600A and 600B may prevent latching at
relatively low frequencies without degrading the ability of the differential crystal oscillator circuit
700B to generate a stable and continuous oscillating signal at the desired oscillation

frequency.

[0060] FIG. 7C shows a differential crystal oscillator circuit 700C in accordance with
other embodiments. The differential crystal oscillator circuit 700C includes crystal 710, the
first circuit 720, the second circuit 730, and four active super diodes 600A-600D. The first
active super diode 600A is coupled between the first terminal T1 and Vpp, and the second
active super diode 600B is coupled between the second terminal T2 and Vpp. Together, the

first and second active super diodes 600A and 600B may operate in a manner similar to that
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described above with respect to FIG. 7A. A third active super diode 600C is coupled between
the first terminal T1 and ground potential, and a fourth active super diode 600D is coupled
between the second terminal T2 and ground potential. Together, the third and fourth active
super diodes 600C and 600D may operate in a manner similar to that described above with
respect to FIG. 7B.

[0061] As described above, the Gm amplifier 610 provided within each of the active
super diodes 600 may be configured to have a limited bandwidth, for example, so that the
corresponding active super diode 600 does not interfere with the negative transconductance
required for the crystal 710 to oscillate at a desired oscillation frequency. It is also desirable for
the Gm ampilifier 610 to have enough bandwidth to ensure stability of the corresponding
differential crystal oscillator circuit 700 disclosed in accordance with the example
embodiments. In addition, it may be desirable to configure the Gm amplifier 610 to have poles

that suppress undesired modes.

[0062] FIG. 7D shows a portion of differential crystal oscillator circuit 700A that may be
used to determine an input admittance Yin(s) between the first terminal T1 and the second
terminal T2 of crystal 710. The input admittance Yin(s) may be expressed as:

gmAO
S
L+ /Pl

where gm is the transconductance of the Gm amplifier 610, p1 is the dominant pole of the Gm

Yin(s) = +5Cyo — Gy

amplifier 610, Gy is the total negative transconductance in the tank circuit (e.g., as determined

by the crystal resistance), and Cyo is the crystal capacitance of the crystal 710.
for w < py, Yin(w) = gmAy and
forw>»p,  Yyp(jw)~x =G,
For stability of the crystal 710, the dominant pole p4 should be

Gn
> —
P Cea

and the Gm amplifier 610 may be configured such that dominant pole p; may be as close as

practicable to this lower limit.

[0063] Those of skill in the art will appreciate 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.
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[0064] Further, those of skill in the art will appreciate that the various illustrative logical
blocks, modules, circuits, and algorithm steps described in connection with the aspects
disclosed herein may be implemented as electronic hardware, computer software, or
combinations of both. To clearly illustrate this interchangeability of hardware and software,
various illustrative components, blocks, modules, circuits, and steps have been described
above generally in terms of their functionality. Whether such functionality is implemented as
hardware or software depends upon the particular application and design constraints imposed
on the overall system. Skilled artisans may implement the described functionality in varying
ways for each particular application, but such implementation decisions should not be

interpreted as causing a departure from the scope of the disclosure.

[0065] The methods, sequences or algorithms described in connection with the aspects
disclosed herein may be embodied directly in hardware, in a software module executed by a
processor, or in a combination of the two. A software module may reside in RAM memory,
flash memory, ROM memory, EPROM memory, EEPROM memory, registers, hard disk, a
removable disk, a CD-ROM, or any other form of storage medium known in the art. An
exemplary storage medium is coupled to the processor such that the processor can read
information from, and write information to, the storage medium. In the alternative, the storage

medium may be integral to the processor.

[0066] In the foregoing specification, the example embodiments have been described
with reference to specific example embodiments thereof. It will, however, be evident that
various modifications and changes may be made thereto without departing from the broader
scope of the disclosure as set forth in the appended claims. The specification and drawings

are, accordingly, to be regarded in an illustrative sense rather than a restrictive sense.
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CLAIMS
What is claimed is:

1. A differential crystal oscillator circuit, comprising:

a crystal, coupled between a first terminal and a second terminal, to generate an
oscillating signal;

a first transistor including a drain coupled to the first terminal, a gate coupled to the
second terminal, and a source coupled to a supply voltage;

a second transistor including a drain coupled to the second terminal, a gate coupled to
the first terminal, and a source coupled to the supply voltage;

a first super diode coupled between the first terminal and the supply voltage, the first
super diode including a first transconductance (Gm) amplifier coupled to a first diode-
connected transistor; and

a second super diode coupled between the second terminal and the supply voltage, the
second super diode including a second Gm amplifier coupled to a second diode-connected

transistor.

2. The differential crystal oscillator circuit of claim 1, the first Gm amplifier coupled
between drain and gate terminals of the first diode-connected transistor, and the second Gm

amplifier coupled between drain and gate terminals of the second diode-connected transistor.

3. The differential crystal oscillator circuit of claim 1, the first super diode configured
to provide a direct-current (DC) path between the first terminal and the supply voltage for a
range of frequencies that is less than an oscillation frequency of the oscillating signal, and the
second super diode configured to provide a DC path between the second terminal and the
supply voltage for the range of frequencies that is less than the oscillation frequency of the

oscillating signal.

4, The differential crystal oscillator circuit of claim 1, the first super diode and the
second super diode each configured to exhibit a negligible transconductance at an oscillation

frequency of the oscillating signal.
5. The differential crystal oscillator circuit of claim 1, the first transistor and the

second transistor forming a first circuit that is to exhibit a negative impedance at an oscillation

frequency of the oscillating signal.
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6. The differential crystal oscillator circuit of claim 1, the first transistor and the
second transistor forming a first circuit that is to exhibit a positive transconductance for a

range of frequencies that is less than an oscillation frequency of the oscillating signal.

7. The differential crystal oscillator circuit of claim 1, further comprising:

a third transistor including a drain coupled to the first terminal, a gate coupled to the
second terminal, and a source coupled to ground potential; and

a fourth transistor including a drain coupled to the second terminal, a gate coupled to

the first terminal, and a source coupled to the ground potential.

8. The differential crystal oscillator circuit of claim 7, the third transistor and the
fourth transistor forming a second circuit that is to exhibit a negative impedance at an

oscillation frequency of the oscillating signal.

9. The differential crystal oscillator circuit of claim 7, the third transistor and the
fourth transistor forming a second circuit that is to exhibit a positive transconductance for a

range of frequencies that is less than an oscillation frequency of the oscillating signal.

10.  The differential crystal oscillator circuit of claim 7, further comprising:

a third super diode coupled between the first terminal and the ground potential, the third
super diode including a third Gm amplifier coupled to a third diode-connected transistor; and

a fourth super diode coupled between the second terminal and the ground potential, the
fourth super diode including a fourth Gm ampilifier coupled to a fourth diode-connected

transistor.

11.  The differential crystal oscillator circuit of claim 10, the third Gm amplifier
coupled between drain and gate terminals of the third diode-connected transistor, and the
fourth Gm amplifier coupled between drain and gate terminals of the fourth diode-connected

transistor.

12. A differential crystal oscillator circuit, comprising:

a crystal, coupled between a first terminal and a second terminal, to generate an
oscillating signal;

a first transistor including a drain coupled to the first terminal, a gate coupled to the

second terminal, and a source coupled to ground potential,
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a second transistor including a drain coupled to the second terminal, a gate coupled to
the first terminal, and a source coupled to the ground potential,

a first super diode coupled between the first terminal and the ground potential, the first
super diode including a first transconductance (Gm) amplifier coupled to a first diode-
connected transistor; and

a second super diode coupled between the second terminal and the ground potential,
the second super diode including a second Gm amplifier coupled to a second diode-connected

transistor.

13.  The differential crystal oscillator circuit of claim 12, the first Gm amplifier coupled
between drain and gate terminals of the first diode-connected transistor, and the second Gm

amplifier coupled between drain and gate terminals of the second diode-connected transistor.

14.  The differential crystal oscillator circuit of claim 12, the first super diode
configured to provide a direct-current (DC) path between the first terminal and the ground
potential for a range of frequencies that is less than an oscillation frequency of the oscillating
signal, and the second super diode configured to provide a DC path between the second
terminal and the ground potential for the range of frequencies that is less than the oscillation

frequency of the oscillating signal.

15.  The differential crystal oscillator circuit of claim 12, the first super diode and the
second super diode each configured to provide a negative transconductance at an oscillation

frequency of the oscillating signal.

16.  The differential crystal oscillator circuit of claim 12, the first transistor and the
second transistor forming a first circuit that is to:

exhibit a negative impedance at an oscillation frequency of the oscillating signal; and

exhibit a positive transconductance for a range of frequencies that is less than the

oscillation frequency.

17. A circuit to provide a clock signal, the circuit comprising:
a crystal, coupled between a first terminal and a second terminal, to generate an
oscillating signal;

a pair of cross-coupled transistors coupled to the crystal; and
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a pair of super diodes, each coupled to a respective one of the first and second
terminals, each comprising a transconductance (GM) amplifier coupled to a diode-connected
transistor, and each configured to:

exhibit a negligible transconductance at an oscillation frequency of the oscillating
signal; and

provide a direct-current (DC) path, between a first voltage and a respective one
of the first and second terminals, for a range of frequencies that is less than the

oscillation frequency of the oscillating signal.

18.  The circuit of claim 17, the Gm amplifier coupled between drain and gate

terminals of the diode-connected transistor.
19.  The circuit of claim 17, the first voltage comprising one of a positive supply

voltage and ground potential, and a second voltage comprising another of the positive supply

voltage and the ground potential.
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