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QUALITY OF SERVICE (QOS)-RELATED FABRIC CONTROL

BACKGROUND

Field of the Invention

[0001] This invention is related to the field of digital systems and, more particularly, to

interconnecting various components with a communication fabric.

Description of the Related Art

[0002] Digital systems generally include a variety of components that are interconnected by a
communication fabric. The fabric permits the components to communicate with each other to
accomplish the operation of the digital system. Exemplary digital systems include computers
(e.g. laptops, desktops, servers, workstations, etc.), mobile devices (personal digital assistants,
cell phones, smart phones, etc.), special purpose devices (global position system (GPS) devices,
music players, etc.), devices embedded in other products (e.g. systems in cars), etc.

[0003] Complex systems often include multiple interconnected components with different
communications requirements and potentially multiple levels of interconnect in the
communication fabric. Designing the fabric to support all of the components and achieve a
specified level of performance in such environments is complicated and error prone. Decisions
such as the width and speed of various interfaces in the fabric, bandwidth available to various
components, structure of the fabric, buffering in the fabric, etc. must be made. Often, these
decisions must be made with incomplete information as to what the correct decisions would be.
As a result, the communication fabric is either overdesigned (wasting resources) or
underdesigned (failing to achicve the desired performance or even impacting the ability to realize
functionality) in many cases. In some systems, predesigned fabric circuits can be used to realize
the communication fabric. The limitations of the predesigned circuits can also affect the ability

to achieve the performance goals of the overall system.
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SUMMARY

[0004] In an embodiment, one or more fabric control circuits may be inserted in a
communication fabric to control various aspects of the communications by components in the
system. The fabric control circuits may be included on the interface of the components to the
communication fabric, in some embodiments. In other embodiments that include a hierarchical
communication fabric, fabric control circuits may alternatively or additionally be included at
various levels of the hierarchy. The fabric control circuits may be programmable, and thus may
provide the ability to tune the communication fabric to meet performance and/or functionality
goals.

[0005] A variety of fabric control circuits may be used in various embodiments. For
example, fabric control circuits that implement transaction limiting may be used. The fabric
limiters may limit the number of outstanding transactions from a given source, or may limit the
bandwidth consumed by the source over time. Tuning the limiters within the communication
fabric may permit better sharing of the available communications bandwidth, in some
embodiments.

[0006] Another example is write traffic shapers. When writes are provided from a
narrower/slower interface to a wider/faster interface, the traffic shapers may accumulate data
before transmitting the writes on the wider/faster interface to avoid wasting bandwidth on the
wider/faster interface in some embodiments. Another type of write traffic shaper that may be
used in some embodiments is a shaper that prevents one or more additional writes from being
transmitted from a source until data from onc¢ or morc previous writes has been complctely
transmitted. Such a shaper may prevent a source from capturing too much bandwidth in a given
period of time by limiting the number of writes that have been initiated by the source and are
waiting for data in the fabric, in some embodiments.

[0007] In some embodiments, the system may support quality of service (QoS). Various
fabric control circuits may be provided to, for example: assign QoS parameters to transactions
that do not include them; override QoS parameters for certain transactions; modify transaction
limiters based on higher QoS parameters for transactions from a given source, etc. Such fabric
control circuits may enhance the ability of the system to meet QoS requirements in some
embodiments.

[0008] Some embodiments may include a hierarchical communication fabric in which

transactions from two or more sources are merged at a higher level in the fabric. At different
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levels in the hierarchy, fabric control circuits may be used to control traffic at the given level.
For example, fabric control circuits may be used with two or more components that couple to a
first fabric circuit, which may itself couple to a second fabric circuit at a second level. In
between the first and second level fabric circuits, additional fabric control circuits may be used.
Multiple levels of fabric control may provide additional flexibility in tuning the communication
fabric.

[0009] Various embodiments may implement any combination or subcombination of the

above described features, as desired.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The following detailed description makes reference to the accompanying drawings,
which are now briefly described.

[0011] Fig. 1 is a high level block diagram of a system including fabric circuits and fabric
control circuits.

[0012] Fig. 2 is a block diagram of one embodiment of a fabric limiter circuit.

[0013] Fig. 3 is a state machine illustrating operation of one embodiment of the fabric limiter
circuit shown in Fig. 2.

[0014] Fig. 4 is a flowchart illustrating additional operation of one embodiment of the fabric
limiter circuit shown in Fig. 2.

[0015] Fig. 5 is a state machine illustrating dynamic modification of limits in one
embodiment of the fabric limiter circuit shown in Fig. 2.

[0016] Fig. 6 is a block diagram of another embodiment of a fabric limiter circuit.

[0017] Fig. 7 is a flowchart illustrating operation of one embodiment of the fabric limiter
circuit shown in Fig. 6.

[0018] Fig. 8 is a block diagram of onc cmbodiment of a writc traffic shaper circuit.

[0019] Fig. 9 is a flowchart illustrating operation of one embodiment of the write traffic
shaper circuit shown in Fig. 8.

[0020] Fig. 10 is a flowchart illustrating additional operation of one embodiment of the write
traffic shaper circuit shown in Fig. 8.

[0021] Fig. 11 is a block diagram of one embodiment of a programmable QoS fabric control

circuit.
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[0022] Fig. 12 is a block diagram of one embodiment of a QoS averride fabric control circuit.
[0023] Fig. 13 is a block diagram illustrating one embodiment of dynamic modification of
fabric control circuit parameters in response to QoS parameters.

[0024] Fig. 14 is a flowchart illustrating operation of one embodiment of the fabric control
circuits shown in Fig. 13.

[0025] Fig. 15 is a block diagram of one embodiment of hierarchical fabric control circuits.
[0026] Fig. 16 is a block diagram of one embodiment of hierarchical fabric control circuits
for bottleneck resolution.

[0027] Fig. 17 is a block diagram of one embodiment of a system

[0028] Fig. 18 is a block diagram of one embodiment of a computer accessible storage
medium.

[0029] While the invention is susceptible to various modifications and alternative forms,
specific embodiments thereof are shown by way of example in the drawings and will herein be
described in detail. It should be understood, however, that the drawings and detailed description
thereto are not intended to limit the invention to the particular form disclosed, but on the
contrary, the intention is to cover all modifications, cquivalents and alternatives falling within the
spirit and scope of the present invention as defined by the appended claims. The headings used
herein are for organizational purposes only and are not meant to be used to limit the scope of the
description. As used throughout this application, the word "may" is used in a permissive sense
(i.c., mcaning having the potential to), rather than the mandatory sense (i.c., meaning must).
Similarly, the words "include", "including", and "includes" mean including, but not limited to.
[0030] Various units, circuits, or other components may be described as "configured to"
perform a task or tasks. In such contexts, "configured to" is a broad recitation of structure
generally meaning "having circuitry that" performs the task or tasks during operation. As such,
the unit/circuit/component can be configured to perform the task even when the
unit/circuit/componcent is not currently on. In gencral, the circuitry that forms the structurc
corrcsponding to "configured to" may includc hardwarc circuits. Similarly, various
units/circuits/components may be described as performing a task or tasks, for convenience in the
description. Such descriptions should be interpreted as including the phrase "configured to."
Reciting a unit/circuit/component that is configured to perform one or more tasks is expressly
intended not to invoke 35 U.S.C. § 112, paragraph six interpretation for that

unit/circuit/component.
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DETAILED DESCRIPTION OF EMBODIMENTS

[0031] Turning now to Fig. 1, a block diagram of one embodiment of a system 10 is shown.
In the illustrated embodiment, the system 10 includes multiple fabric interface circuits 12A-12D,
multiple fabric control circuits 14A-141, and multiple source and/or destination (src/dest)
components 16A-16G. The fabric interface circuits 12A-12D may form a communication fabric
(or a portion of a communication fabric) in the system 10 to permit the components 16A-16G to
communication with each other and/or with other components of the system (not shown). For
cxample, the communication fabric may provide the components 16A-16G with access to a
memory system (not shown in Fig. 1). More particularly, each fabric interface circuit 12A-12D
may include multiple ports (e.g. the ports 18A-18M). Connections between ports and other
ports, and ports and components, may be made to form the communication fabric. The fabric
control circuits 14A-141 may be configured to control one or more aspects of transmission on the
communication fabric. The number of fabric interface circuits 12A-12D, fabric control circuits
14A-141, and components 16A-16G may vary in various embodiments, and may be more or
fewer than those shown in Fig. 1. Additionally, the arrangement of the various circuits and
components may vary from that shown in Fig. 1.

[0032] In the illustrated embodiment, the component 16A is coupled to the fabric control
circuit 14E, which is coupled to the port 18F of the fabric interface circuit 12B. While the fabric
control circuit 14E is shown as being coupled to the entire interface of the component 16A and
the entire interface of the port 18F, various embodiments need not be so coupled. For example,
some embodiments of the fabric control circuit 14E may be coupled to a portion of the interface
to the component 16A (and the corresponding portion of the interface to the port 18F), and the
remaining portion of the interface may be coupled between the component 16A and the port 18F
directly. That is, the remaining portion may not flow through the fabric control circuit 14E. The
same may be true for other fabric control circuits, components, and ports in various embodiments
as well. Thus, a component or port may be coupled to a fabric control circuit and a port, ¢ven
though the fabric control circuit may be shown as being coupled to the entire interface for
convenicnce in the drawing. In an cmbodiment, the portion of the interface to which the fabric
control circuits are coupled may include one or more control signals on the interface. The
portion may include up to all of the control signals on the interface, or any subset of the control
signals, as desired. The address and data transmissions, transaction tags, ¢tc. may be part of the

remaining portion of the interface in such embodiments. The portion of the interface to which
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the fabric control circuit is coupled may be controlled by the fabric control circuit. That is, the
fabric control circuit may be configured to modify signals input ta the fabric contral circuit to
generate the corresponding output signal from the fabric control circuit to the receiving
port/component. The fabric control circuit may also be coupled to reccive an additional portion
of the interface for monitoring purposes only (i.c. the fabric control circuit may not modify the
additional portion of the interface). The fabric control circuit may thus be configured to generate
control signals on behalf of a port/component to control operation on the interface. That is, the
fabric control circuit may intercept signals and modify them to present to the receiver.

[0033] Somc sourcc componcnts may not have any associated fabric control circuits. For
example, component 16B in Fig. 1 is coupled to the port 18G without any fabric control circuits.
Such components may not require fabric control circuits (e.g. their transaction generation rate
may be low ¢nough that the fabric control circuits are not needed, or the component may be
designed to self-restrict its transaction generation such that external control is not needed).
Alternatively, in hierarchical embodiments such as that shown in Fig. 1, fabric control circuits at
a different level of the hierarchy, such as the fabric control circuits 14A-14B in Fig. 1 for the
componcnt 16B, may provide sufficicnt transaction control.

[0034] The fabric interface circuit 12B may be configured to route transactions received on
the ports 18F and 18G out through the port 18E, which may be coupled to an interface to which
the fabric control circuits 14A-14B are coupled. The fabric control circuits 14A-14B are further
coupled to the port 18A. Alternatively, as mentioned above, the ports 18A and 18E may be
directly coupled for the remaining portion of the interface, except for the portion that the fabric
control circuits 14A-14B may be coupled to in order to accomplish the desired transaction
control. Similarly, if one or both of the components 16A-16B may be a destination (or slave) of
a transaction, the fabric interface circuit may be configured to route transactions received on the
port 18E onto one or both of the ports 18F-18G.

[0035] Similarly, in Fig. 1: the component 16C is coupled to the port 18B in Fig 1; the port
18C is coupled to the fabric control circuit 14C and the port 18H; the port 18D is coupled to the
fabric control circuit 14D and the component 16G, the port 18H is coupled to the fabric control
circuit 14F and the component 16D, the port 18I is coupled to the fabric control circuit 14G and
the port 18K, the port 18L is coupled to the fabric control circuit 14H and the component 16E,
and the port 18M is coupled to the fabric control circuit 141 and the component 16F.

10036] Generally, the fabric control circuits 14A-141 may be configured to control one or

more aspects of transaction transmission on the communication fabric by the components 16A-
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16G and/or ports 18A-18M to which they are coupled. The fabric control circuits 14A-141 may
thus modify the behavior of the traffic in the communication fabric, and may permit the
adjustment of performance in the system as a whole. Various fabric control circuits are
described below in more detail. Additionally, as illustrated by, ¢.g., fabric control circuits 14A-
14B, two or more fabric control circuits may be used on a given interface and may operate in
conjunction to control the communication fabric. In cases where two or more fabric control
circuits are used, the controls for each fabric control circuit may be required to be met by a given
transaction before that transaction moves forward. For example, a fabric control circuit may
limit a numbcr of transactions outstanding, and anothcr fabric control circuit may prcvent a new
write operation from issuing until the data of a preceding write operation has been transmitted.

A new write operation may be prevented from issuing by either of the fabric control circuits.
10037] The fabric control circuits may be programmable (¢.g. via software executing on the
system 10, or via external control input to the fabric control circuits). The programmability of
the fabric control circuits may permit the tuning of the system. In some embodiments, the fabric
control circuits may be dynamically programmable during use. Thus, the operation of the fabric
control circuits may be changed as the workload in the svstem changes. Other cmbodiments may
be statically programmable (¢.g. during initialization, or "boot", of the system).

[0038] In one embodiment, the control signals on the interface include a valid signal (V in
Fig. 1) from a master desiring to issue a transaction on the communication fabric and ready
signal (Rdy in Fig. 1) from a slave on the interface. A transaction may be initiated if both the
valid signal and the ready signal are asserted. Accordingly, in one embodiment, the fabric
control circuits 14A-141 may be configured to control transaction issuance by gating the valid
and/or ready signals on the interface. That is, the fabric control circuits may modify the valid
and/or ready signals (e.g. ensuring that the signals are deasserted) to control transaction issuance.
Similarly, valid and ready signals may be associated with a data interface, and a data beat may be
transmitted for each clock cycle that both the data ready and data valid signals are asserted.
Accordingly, in one embodiment, the fabric control circuits 14A-141 may be configured to
control data beat transmissions on an interface by gating/modifying the data valid and/or data
rcady signals. Intcrfaces may be bidirectional where a component or port may operatc as a
master for some transactions and a slave for others. In one embodiment, there may be separate
read and write interfaces on the communication fabric. Fabric control circuits 14A-141 may
include both read and write versions, or some may apply only to the read interface or only to the

write interface. Some fabric control circuits 14A-141 may operate independently on the read and
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write interfaces, or may jointly operate on the interfaces.

[0039] In other embodiments, fabric control circuits 14A-141 may be configured to modify
one or more transaction attributes of a transaction. For example, some embodiments of the
system may support quality of service (QoS) parameters for transactions. The QoS parameter
may specify a QoS level that may be requested for a transaction, and the QoS levels may be used
in the system to prioritize traffic to attempt to meet the QoS requirements of the system as a
whole. Some components may not be designed to provide QoS parameters, and fabric control
circuits may be provided to insert a programmed QoS parameter for such components. Other
fabric control circuits may be configured to override QoS paramcters provided by componcents
for certain transactions. Other transaction attributes may similarly be modified or inserted (e.g.
cacheability, coherence, etc.).

[0040] As mentioned above, the fabric interface circuits 12A-12D may include the circuitry
to interconnect interfaces on each of the ports to provide a communication fabric. Thus, the
fabric interface circuits may include, e.g., buffering at each port to receive transactions,
transaction data, etc. and buffer them for transmission on another port. The fabric interface
circuits may further include interconnect between the ports, circuitry to control the interconnect
(c.g. arbitration). In one embodiment, the fabric interface circuits 12A-12D may be predesigned
circuitry purchased by the designer of the system 10 to include in the system 10. The fabric
interface circuit 12A-12D may be physical circuitry, or may be "intellectual property” (IP) block
which can be purchased from a third party and included in an integrated circuit design, which
may be fabricated to include the fabric interface circuits along with the other circuitry. Because
the fabric interface circuits are provided by a third party, customization and modification may be
limited. Accordingly, the fabric control circuits 14A-141 may provide additional flexibility for
tuning the system performance.

[0041] Generally, a port may be a communication point on the fabric interface circuits 12A-
12D. That is, the port may include the circuitry to communicate on one interface to one or more
transaction sources or destinations (¢.g. components or other ports). That is, the interface on one
port may include a complete communication mechanism for carrying transactions. The interface
may be a bus, a packet interface, a point-to-point interface, etc.

[0042] A transaction may be one communication on the interface. The transaction may
include an address identifying the data affected by the transaction, and may further include the
data being transmitted. A read transaction may be a transfer of data from a destination of the

transaction to the source, and a write transaction may be a transfer of data from the source to the
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destination. A transaction may be issued by a source (e.g. a source component) and received by
a destination component. The transaction may be considered to be outstanding from the time that
the source issues a transaction until the time that the corresponding data is transmitted. A
transaction may be complete in response to the transmission of the data. A transaction may have
various attributes that further describe the transaction beyond the address and data. Exemplary
attributes may include one or more of the following, for example: size (e.g. measured in bytes
and/or described by byte enables), cacheability, coherence, the QoS parameters discussed above,
etc. In packet-based embodiments, a transaction may include one or more packets. For example,
a rcad rcquest packet and a data responsc packet may be included in a rcad transaction. In
coherent embodiments, additional packets may be included in the read transaction to ensure
coherency (e.g. probe and probe response packets).

10043] A component may include any device or combination of devices that is configured to
perform a defined set of operations in the system. Exemplary components may include
processors, memory controllers (and associated memory), caches, peripheral devices such as
graphics units, video processing units, audio units, networking devices, input/output devices,
mass storagc dcvices, ctc. Componcnts that may initiatc transactions (mastcrs) may be referred
to as source components. Components that may be targets of transactions (slaves) may be
referred to as destination components. Components that may be both masters and slaves may be
referred to as both source and destination components. Any combination of source and
destination components may be used in various embodiments.

[0044] In an embodiment, the system 10 may be integrated onto a single integrated circuit
"chip" as a system on a chip (SOC) configuration. Other embodiments may implement any
desired level of integration and/or discrete circuitry.

[0045] Various embodiments of fabric control circuits are described in more detail below.
Combinations of the various embodiments may be used in various implementations of the
systems, and/or the embodiments may be used alone in other implementations of the systems.
The embodiments below will use the same reference numerals used in Fig. 1, but without the
letter suffixes, since any fabric control circuit embodiment may be used at any point in the
system 10 as desired. That is, the fabric control circuits referred to below will be referred to as
fabric control circuits 14, with the understanding that any of the fabric control circuits 14A-141.
Similarly a component 16 may be referred to with the understanding that any component 16A-
16G may be referred to depending on which fabric control circuit 14A-141 is being referred to;

and a port 18 may be referred to with the understanding that any port 18 A-18M may be referred
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to depending on which fabric control circuit 14A-141 is being referred to.

Fabric Limiters

[0046] One or more types of fabric limiter circuits may be included in the set of fabric
control circuits. The fabric limiters may generally be configured to limit the issuance of
transactions based on one or more programmable factors. For example, the fabric limiters may
include transaction limiters (which may limit the number of transactions that are outstanding at a
given point in time) and bandwidth limiters (which may limit the amount of bandwidth consumed
by transactions within a given unit of timc).

[0047] Fig. 2 is a block diagram of one embodiment of a fabric control circuit 14 that
implements a transaction limiter. In the illustrated embodiment, the fabric control circuit 14
includes a control unit 20 and a set of registers 22A-22E. The control unit 20 is coupled to the
registers 22A-22E. Some of the registers 22A-22E may be programmable to set the limits
implemented by the transaction limiter. Other registers 22A-22E may be provided to retain state
for the control unit 20.

[0048] As illustrated in Fig. 2, the transaction limiter is configured to limit the number of
outstanding transactions from the component 16 or port 18 that is coupled to the "bottom" of the
control unit in Fig. 2. The transaction limiter in this embodiment may accomplish the transaction
limit by controlling the valid and ready signals to prevent the controlled component 16/port 18
from issuing new transactions. Accordingly the valid signal from the controlled component
16/port 18 may be received by the controlled component 16/port 18 as an input (Vi) and the
ready signal may be an output to the controlled component 16/port 18 (Rdy.u). The valid signal
to the port 18 may be output (Vo) and the ready signal to the port 18 (Rdyi,) at the "top” of Fig.
2 may be received by the control unit 20. Response signals related to the data interface may also
be received from both sides (Rsp). For example, there may be a data ready signal and a data
valid signal for read transactions and another pair of data ready/data valid signals for write
transactions, similar to the ready and valid signals to initiate the transaction. For aread
transaction, the data valid may be provided by the port 18 and the data ready signal may be
provided by the controlled component 16/port 18. For a write transaction, the data valid signal
may be provided by the controlled component 16/port 18 and the data ready signal may be
provided by the port 18. It is noted that, while the transaction limiter in this example provides
limiting of transactions in one direction, other embodiments may implement transaction limiting

in the both directions (or two limiters may be used, one for each direction).
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[0049] The transaction limit to be applicd by the fabric control circuit 14 may be
programmed into the limit register 22A. Once the number of transactions outstanding from the
controlled component 16/port 18 reaches or exceeds the limit, the control unit 20 may gate the
valid and ready output signals to prevent the initiation of additional transactions. As one or more
of the outstanding transactions is completed, the control unit 20 may detect the reduced number
of outstanding transactions and may cease gating the output signals. Subsequently, additional
transactions may be initiated by the controlled component 16/port 18. In the illustrated
cmbodiment, the number of outstanding transactions may be tracked by the control unit 20 in the
transaction count register 22C.

[0050] In some cases, such as a high bandwidth controlled component, the number of
outstanding transactions may rapidly increase to the limit, and then additional transactions may
be limited to initiating on a one-to-one basis with transactions completing. To prevent or
mitigate this effect, hysteresis may be included in the transaction limiter. Specifically, once the
control unit 20 begins gating the valid and ready signals due to the number of outstanding
transactions meeting or exceeding the limit programmed into the register 22A, the control unit
may be configured to continue gating the valid and ready signals until the number of outstanding
transactions drops to or below a second limit (the "low limit") programmed into the register 22B.
The low limit may be programmed less than the limit during use. The hysteresis may also result
in more "bursty” transactions from such a component, which may be efficient for memory
controllers. That is, the high bandwidth component's transactions may occur in bursts rather than
issuing one-to-one with completing transactions. The number of transactions in the burst may
be, e.g., the difference between the limit and the low limit.

[0051] In some embodiments, the fabric control circuit 14 may support dynamic changes to
the limits. The dynamic changes may be made in software (e.g. by reprogramming the registers
22A-22B) and the fabric control circuit 15 may be configured to ensure that changes made by
software occur without glitching the valid and ready signals during the transition (¢.g. due to
momentary changes in the gating of the valid and ready signals) and without entering an
undefined state which might cause unexpected operation. Alternatively or in addition, the fabric
control circuit 14 may support dynamic modifications to the limits in hardware. For example, a
second set of limits (TLimit and TLow Limit in the registers 22D-22E in Fig. 2) may be
programmed into the fabric control circuit 14. A trigger input may trigger the change in the

limits from the limit/low limit pair in the registers 22A-22B to the triggered limit/low limit pair
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stored in the registers 22D-22E. The trigger may be generated externally due to a condition
detected in the system. For example, detecting that the QoS requirements of another component
are increasing to higher QoS levels may be a trigger. In an embodiment, the trigger may remain
asserted until the return to the normal limits is desired. In another embodiment, the limits may be
edge triggered and the trigger may be asserted to switch back and forth between the limits and
the TLimits.

[0052] The TLimits may be programmed to any values. For example, if the triggering
condition is a condition that would benefit from lower limits in the fabric control circuit 14, the
TLimits may be programmecd to be lower than the normal limits. Examplces of such a trigger may
include the increasing QoS requirements as mentioned above, detecting that another component
is increasing its bandwidth requirements, etc. On the other hand, if the triggering condition is a
condition that would benefit from increased limits, the TLimits may be programmed higher than
the normal limits. Examples of such a trigger may include another component that 18 being put
to sleep or powered off, detecting decreased bandwidth requirements at the other component, etc.
[0053] Fig. 3 is a state machine illustrating one embodiment of the transaction limiter circuit.
In the idle state 24, the transaction limiter circuit is not gating the valid and ready signals.
Accordingly Vi from the control unit 20 is equal to Vi, to the control unit 20 and Rdyy from
the control unit 20 is equal to Rdyj, to the control unit 20. Viewed in another way, the valid and
ready signals may pass through the transaction limiter circuit while the limiter is in the idle state
24. In the stall state 26, on the other hand, both the Vo, and the Rdy.u signals are gated (set to
Z€10).

[0054] The transition from the idle state 24 to the stall state 26 may occur when the
transaction count in the register 22C is greater than or equal to the limit. To safely make the
transition to the stall state 26 in times that software may be changing the programmed limit, the
equation shown in Fig. 3 may be used. That is, if the transaction count is greater than or equal to
the limit and the controlled component/port is not attempting to transmit a transaction (Vi, = 0),
the transition may occur. If the transaction count is greater than or equal to one less than the
limit, the controlled component/port is attempting to transmit a transaction (Vy, = 1) and the
transaction is being permitted (Rdyou), the transition may also occur.

[0055] The transition from the stall state 26 to the idle state 24 may occur when the
transaction count is less then or equal to the low limit and the transaction count is less than the
limit. The transaction count may be compared against the limit for the case where hysteresis is

not being used and the low limit is not programmed below the limit. The illustrated equation may
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apply for the hysteresis embodiment. If hysteresis is not being implement, the transition from the
stall state 26 to the idle state 24 may be performed if the transaction count is less than the limit.
Again, to permit dynamic software modification of the limits the transition from the stat state 26
to the idle state 24 may occur if there is no transaction being attempted by the controlled
component/port (V;,= 0) or if the controlled component/port is attempting to transmit a
transaction (Vi, = 1) and the transaction is being permitted (Rdyou).

[0056] Turning now to Fig. 4, a flowchart is shown illustrating operation of one embodiment
of the fabric control circuit 14 shown in Fig. 2 (and more particularly the control unit 20) to
maintain the transaction count in the register 22C. Whilce the blocks arc shown in a particular
order for case of understanding, other orders may be used. Blocks may be performed in parallel
in combinatorial logic in the fabric control circuit 14/control unit 20. Blocks, combinations of
blocks, and/or the flowchart as a whole may be pipelined over multiple clock cycles. The fabric
control circuit 14/control unit 20 may be configured to implement the operation shown in Fig. 4.
[0057] If the controlled component/port is requesting a transaction (Vin = 1), and the ready is
not being gated by the control unit 20 (Rdy.w = 1), a transaction is being transmitted by the
controlled component/port (decision block 30, "yes" leg). Accordingly, the control unit 20 may
be configured to increment the transaction count in the register 22C (block 32). If the response
(data transmission) of an outstanding transaction is completed (decision block 34, "yes" leg), a
transaction 18 completed and the control unit 20 may configured to decrement the transaction
count (block 36). Depending on the type of transaction, the response to track for completing a
transaction may vary. For example, write operations may be completed by the controlled
component/port, while read operations may be completed by the return of data from the port.
Since a count is being updated (rather than attempting to track a specific transaction), it may be
sufficient to logically OR the responses together. Alternatively, as mentioned previously, some
embodiments may implement separate read and write interfaces and the fabric control circuit 14
may only observe the responses for the corresponding transaction type.

[0058] Turning next to Fig. 5, a state machine is shown illustrating operation of one
embodiment of the fabric control circuit 14/control unit 20 for implementing the dynamic
triggering of different limits. The state machine includes a normal limits state 38 and a triggered
limits state 39. In the normal limits state 38, the limit and low limit from the registers 22A-22B
may be used. In the triggered limits state, the TLimit and TLow Limit from the registers 22D-
22E may be used. The transition from the state 38 to the state 39 may occur responsive to

assertion of the trigger, and the transition from the state 39 to the state 38 may occur responsive
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to the deassertion of the trigger. Alternatively, pulses of the trigger may cause the transition in
either direction.

[0059] Similar to the discussion of the state machine in Fig. 3, the transitions in Fig. 5 may
occur if there is no transaction being attempted by the controlled component/port (Vi,= 0) or if
the controlled component/port is attempting to transmit a transaction (V;, = 1) and the transaction
18 being permitted (Rdyou).

[0060] Turning now to Fig. 6, a block diagram is shown of one embodiment of a fabric
control circuit 14 that implements a bandwidth limiter. In the illustratcd cmbodiment, the fabric
control circuit 14 includes a control unit 40 and a set of registers 42A-42F. The control unit 40 is
coupled to the registers 42A-42F. Some of the registers 42A-42F may be programmable to set
the limits implemented by the transaction limiter. Other registers 42A-42F may be provided to
retain state for the control unit 40.

[0061] As illustrated in Fig. 6, the bandwidth limiter is configured to limit the amount of
bandwidth from the component 16 or port 18 that is coupled to the "bottom" of the control unit in
Fig. 6. The bandwidth limiter in this cmbodiment may accomplish the limit by controlling the
valid and ready signals to prevent the controlled component 16/port 18 from issuing new
transactions once the allocated bandwidth is consumed for a given unit of time (until that unit of
time expires). Accordingly the valid signal from the controlled component 16/port 18 may be
received by the controlled component 16/port 18 as an input (Vin) and the ready signal may be an
output to the controlled component 16/port 18 (Rdy,y). The valid signal to the port 18 may be
output (Vour) and the ready signal to the port 18 (Rdyi,) at the "top" of Fig. 6 may be received by
the control unit 40. As noted above, other embodiments may implement limiting in both
directions or limiters may be used for cach direction, as desired.

[0062] In this embodiment, the bandwidth may be controlled by allocating a number of
credits, where each issued transaction consumes one credit. Other embodiments may consume
different numbers of credits per transaction (e.g. based on the size of the transaction). The
number of credits allocated per unit time may be programmed into the credit add register 42C,
and the period of time corresponding to the credits may be programmed into the credit rate
register 42B. The period may be measured in terms of clock cycles, real time, or any other
desired measure of time.

10063] The control unit 40 may be configured to maintain a timer in the register 42A to
measure the passage of time. Each time the "credit rate” amount of time expires, "credit add"

credits may be added to the credits remaining to be used. The credits remaining may be stored in
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the credits register 42D. As transactions are issued, the credits in the credits register may be
reduced. Ifthe credits reach zero, the control unit 40 may prevent additional transactions from
being issued until the credits become non-zero again (at the expiration of the "credit rate”
interval, by adding the "credit add" credits. If the time period expires prior to using all of the
available credits, the credits may catry over to the next time interval. That is, the credits may not
expire. In other embodiments, the credits may expire and the control unit 40 may initialize the
credits register 42D with the credit add value from the register 42C at the expiration of each
interval. The credits may also saturate at a maximum value. The maximum value may be
programmablc or fixed.

[0064] In an embodiment, the bandwidth limiter may support the trigger input and changing
the limits to the TLimits, similar to the discussion above with regard to Fig. 5. the TLimits may
include a TCredit rate in the register 42E and a TCredit add in the register 42F. The TLimits
may be greater than or less than the normal limits, as discussed above.

[0065] Turning now to Fig. 7, a flowchart is shown illustrating operation of one embodiment
of the fabric control circuit 14 shown in Fig. 6 (and more particularly the control unit 40). While
the blocks are shown in a particular order for ease of understanding, other orders may be used.
Blocks may be performed in parallel in combinatorial logic in the fabric control circuit 14/control
unit 40. Blocks, combinations of blocks, and/or the flowchart as a whole may be pipelined over
multiple clock cycles. The fabric control circuit 14/control unit 40 may be configured to
implement the operation shown in Fig. 7.

[0066] The control unit 40 may update the timer in the register 42A according to the
measurement of time implemented in the fabric control circuit 14 (e.g. incremented once per
clock cycle). The timer may be compared to the credit rate programmed in the register 42B, and
if the timer is equal to the credit rate, the time period has expired (decision block 50, "yes" leg).
The control unit 40 may be configure to add the credits add value from the register 42C to the
credits register 42D (block 52).

[0067] If a transaction is being permitted (Vi, = 1 and Rdyew = 1 - decision block 54, "yes"
leg), the control unit 40 may decrement the credits in the credits register 42D (block 56). If the
credits in the credits register 42D have been reduced to zero (decision block 58, "yes" leg), the
control unit 40 may gate the valid and ready signals (Vou = 0 and Rdy.ue = 0) (block 60).
Otherwise (decision block 58, "no" leg), the control unit 40 may pass the input signals to the

outputs (Veu = Vin and Rdyos = Rdyin) (block 62)

15



10

15

20

25

30

WO 2012/099727 PCT/US2012/020507

Write Traffic Shapers

[0068] Another cmbodiment of fabrie control circuit 14 may be onc or morc typcs of write
traffic shaper circuits. A first type of write traffic shaper circuit may be used at interfaces in
which a lower bandwidth interface from a component or port is coupling to a higher bandwidth
port. This write traffic shaper circuit may be referred to as a write data gather circuit. The port
may be higher bandwidth if the data width (i.e. the data transferred in one data beat on the port)
is wider than the lower bandwidth component/port. In such cases, an upsizer (not shown) may be
used to transmit data on the port. The upsizer may capture data from the narrower bus and
transmit the data on the correct scction of the widcer data bus. For cxamplc, an upsizer from a
narrow data bus to a wider data bus that is twice as wide as the narrower data bus may alternately
transmit data on the upper half or lower half of the wider data bus as the data is received by the
narrower data bus. However, the upsizer is not designed to accumulate data beats for
transmission unless the data bus is occupied by some other transmission. If the wider data bus is
available to transmit the data, the upsizer transmits the narrow data and uses byte enables or
other validity indicators to identify which part of the wider data bus is transmitting data. The
writc data gather circuit may be configurcd to dcelay initiation of a writc transaction until the data
from the narrower interface has been collected. Thus, more efficient use of the wider interface
may occur. In other cases, a port may be higher bandwidth because it is clocked at a higher clock
frequency than the lower bandwidth component/port. In this case, delaying initiation of the write
transaction may reduce or avoid clock cycles on the higher bandwidth inlerface in which no data
is transmitted because the next data for a write operation is still being received at the lower
bandwidth. Again, better efficiency may be achieved in some embodiments on the higher
bandwidth port.

[0069] Another type of write traffic shaper may be used to prevent a particular component or
port from initiating too many write transactions prior to completing the carliest of the write
transactions. This type of write traffic shaper may be referred to as a write request spreader
circuit. On a narrow width or slower clocked interface, issuing too many write transactions from
one component/port may prevent other components/ports from issuing write transactions until at
Icast a first beat of data is transmittcd for cach outstanding write transaction (to preserve
ordering). If the issuing component/port provides data slowly, long latencies may be incurred by
the other components/ports. The write request spreader circuit may be used along with the write
gather circuit in some ¢cmbodiments. For example, if a port is coupled to a mux between a

narrow data bus with a write gather circuit and input that is the same width as the port, the wider
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input may dominate the bandwidth, preventing the narrower input from obtaining sufficient
bandwidth. Alternatively, the narrower input may issue too many requests, reducing the
available bandwidth for the wider input. The write request spreader circuit may permit one or
more write transactions to be issued (up to a defined limit), but then may prevent additional write
transactions from the same port/component until the issued write transactions completed (e.g.
until all data beats have been transmitted). An embodiment of the write request spreader circuit
discussed below restricts issuance of write transactions to one per source component/port. Other
embodiments may permit more than one, or may be programmable as to the number to permit.
[0070] Fig. 8 is a block diagram of onc cmbodiment of a fabric control circuit 14 that may
implement a write data gather circuit or a write request spreader circuit. In the embodiment of
Fig. 8, the fabric control circuit includes a control unit 70 and a pending data beats register 72.
The control unit 70 is coupled to the pending beats register 72. The control unit 70 may also be
coupled to the valid and ready signals from the lower bandwidth component/port (at the bottom
as shown in Fig. &) and the higher bandwidth port (at the top shown in Fig. §). In this
embodiment, separate read and write interfaces may be supported by the port and thus the valid
and rcady signals arc part of the write interfacc (WV and WRdy in Fig. &). Data valid and data
ready (DV and DRdy, respectively) may also be monitored by the control unit 70. Write data
may be buffered in a FIFO (e.g. in an upsizer, in the source component or port), and the control
unit 70 may monitor the FIFO pointers (DFifo Ptrs in Fig. 8). Additionally, a transaction
attribute transmitted with the address of the transaction may be the length of the write (WLen),
which may be monitored by the control unit 70 as well.

[0071] Fig. 9 is a flowchart illustrating operation of one embodiment of the fabric control
circuit 14 shown in Fig. 8, and more particularly the control unit 70, to maintain the pending data
beasts (PendDataBeats) in the register 72. While the blocks are shown in a particular order for
case of understanding, other orders may be used. Blocks may be performed in parallel in
combinatorial logic in the fabric control circuit 14/control unit 70. Blocks, combinations of
blocks, and/or the flowchart as a whole may be pipelined over multiple clock cycles. The fabric
control circuit 14/control unit 70 may be configured to implement the operation shown in Fig. 9.
[0072] If the control unit 70 is permitting a write transaction to be initiated (WVj, and
WRdy both = 1 - decision block 73, "yes" leg), the control unit 70 may initialize the pending
data beats register 72 with the number of beats indicated by the WLen transaction attribute
(block 74). Alternatively, the register 72 may be initialized with the number of bytes indicated

by the WLen register. In cases in which more than one write transaction may be concurrently
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outstanding, the control unit 70 may add the WLen value to the current value of the register.
Thus, in such embodiments, the value in the register 72 may represent the amount of data (beats
or bytes) remaining to be transferred for the outstanding write transactions.

[0073] If a data transfer is occurring (DV and DRdy both 1 - decision block 76, "yes" leg),
the control unit 72 may decrement the pending data beats register 72 (block 78). The decrement
may a decrement by one if the value in the register 72 represents data beats. If the value
represents data bytes, the decrement may be by the size of the transfer (e.g. on the higher
bandwidth port).

[0074] Turning now to Fig. 10, a flowchart is shown illustrating operation of one
embodiment of the fabric control circuit 14 shown in Fig. 8 (and more particularly the control
unit 70) to implement a write data gather circuit. While the blocks are shown in a particular
order for ease of understanding, other orders may be used. Blocks may be performed in parallel
in combinatorial logic in the fabric control circuit 14/control unit 70. Blocks, combinations of
blocks, and/or the flowchart as a whole may be pipelined over multiple clock cycles. The fabric
control circuit 14/control unit 70 may be configured to implement the operation shown in Fig. 10.
[0075] The control unit 70 may be configured to determine the beat count for data that is
stored in the DFifo, responsive to the DFifo pointers (block 80). Alternatively, instead of
receiving the DFifo pointers, the control unit 70 may simply receive the beat count. If the count
is greater than or equal to the length of the write transaction (WLen) (decision block 82, "yes"
leg), the data for the write transaction is ready in the DFifo for transmission. On the other hand,
if the DFifo is full (decision block 84, "yes" leg), the write transaction may need to be initiated
because the complete data transmission for the write transaction may not be stored in the DFifo.
In either case, in this embodiment, the control unit 70 may prevent initiation of a write
transaction that is otherwise ready if the preceding write transaction is not completed (pending
data beats not equal to zero - decision block 86). If the preceding write transaction is complete
(decision block 86, "yes" leg), the control unit 70 may pass the WVy, and WRdyi, signals to the
WV, and the WRdyow: signals (block 88). Otherwise (decision blocks 82 and 84, "no" legs or
decision block 86, "no" leg), the control unit 70 may gate the WV, and WRdy,. signals,
preventing the write transaction from issuing (block 90).

[0076] An embodiment that implements the write request spreader circuit may be similar, but
may only check if the pending data beats are zero. That is, the write request spreader circuit may
implement the portion of the flowchart in Fig. 10 that is enclosed by the dotted line 92 (decision

block 86 and blocks 88 and 90). However, the write data gather circuit may prevent a particular
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write transaction from issuing until the data beats for that particular write transaction have been
received, while the write request spreader circuit may prevent a particular write transaction from
issuing until the data beats from a preceding write transaction have been received.

[0077] It is noted that some embodiments of the write data gather circuit and/or the write
request spreader circuit may implement additional features to attempt to make more efficient use
of the source interface bandwidth. For example, the pending data beats count may be checked
for one beat remaining rather than 0, anticipating that the last beat may be transmitted soon and
the next write may be started (overlapping the write operations somewhat). Another example
may be based on the bandwidth ratio when the busscs arc operating at the same frequency. The
write data gather circuit may check for fewer data beats based on the ratio. For example, the

ratio is two, the write data gather circuit may check for half the data beats.

QoS-Related Fabric Control

[0078] Various QoS-related fabric control circuits may be included in embodiments.
Generally, at least some components 16 in the system 10 may be configured to assign QoS
parameters to the transactions they issue. The QoS parameters of the transactions may be used to
balance the performance requirements of the components. However, in some cases, one or more
components may be designed to provide QoS parameters. In other cases, the QoS parameters
assigned by one or more components may not be as desirable as other QoS parameter
agsignments in view of overall system performance. Fabric control circuits may be provided to
provide and/or change QoS parameters in such cases. Additionally, QoS parameters may be used
to trigger modified limits in other fabric control circuits, as discussed in more detail below.
[0079] Generally, the QoS parameter may be a transaction attribute which may identify a
requested level of service for the transaction. Transactions with QoS parameter values
requesting higher levels of service may be given preference over transactions requesting lower
levels of service. The preference may be applied at the various fabric interface circuits 12, or at a
destination component 16 that is targeted by transactions, or both. Thus, a given source
component may be configured to use QoS parameters to identify which transactions are more
important to the source component (and thus should be serviced prior to other transactions from
the same source component, for example), especially for sources that support out-of-order data
transmissions with respect to the address transmissions from the source component.

Furthermore, the QoS parameters may permit sources to request higher levels of service than

other sources on the same port and/or source components on other ports.
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[0080] In somc cmbodiments, diffcrent traffic types may have different definitions of QoS
parameters. That is, the different traffic types may have different sets of QoS parameters. For
cxample, a sct of real time QoS parameters may be defined for real time transactions and a set of
non-real time QoS parameters may be defined for non-real time transactions. The fabric
interface circuits 12 and/or destination components 16 may be configured to process the QoS
parameters and may be configured to use the relative QoS parameter values to schedule
transactions for service.

[0081] As an example, the real time QoS parameters may include green, yellow, and red
levels indicating increasing needs for low latency data at each level. Thus, the green level may
be lowest priority of the real time QoS parameters, the yellow level may be medium priority, and
the red level may be highest priority. The non-real time QoS parameters may include a best
cffort level and a low latency level viewed as higher than the best effort level. The best effort
level may be viewed as lower than each of the real time levels. The low latency level may be
dynamically varied between being equal to the green level or the yellow level, in some
embodiments, based on the overall state of the system. Other embodiments may implement any
set or sets of QoS parameters, as desired.

[0082] In some embodiments, QoS parameters may be upgraded for pending transactions.
Various upgrade mechanisms may be supported. For example, the QoS parameters for pending
transactions from a source component 16 may be upgraded if a subsequent transaction from that
source component 16 are issued with a higher QoS parameter. Transactions having a lower QoS
level may be pushed by transactions having a higher QoS level, in an embodiment. As another
example, a sideband interface from one or more source components may be supported to upgrade
QoS parameters by transmitting an upgrade request on the sideband interface. In another
example, the relative age of pending transactions may be used to upgrade QoS parameters.

[0083] Turning next to Fig. 11, an embodiment of a fabric control circuit 14 that may be used
to provide a QoS parameter for a transaction is shown. In the illustrated embodiment, the fabric
control unit 14 includes an enable register 100A, a QoS register 100B, and a multiplexor (mux)
102 coupled to the registers 100A-100B. Particularly, the enable register 100A may be coupled
to the selection control of the mux 102 and the QoS register 100B may be coupled as an input to
the mux 102. The other input of the mux 102 may be coupled to the portion of the interface from
the controlled component 16/port 18 (at the bottom of Fig. 11) that carrics the QoS parameter and

the output of the mux 102 may be coupled to the corresponding portion of the interface to the
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port 18 at the top of Fig. 11.

[0084] The QoS fabric control circuit 14 in Fig. 11 may be used to provide a programmed
QoS parameter for a source component 16 that is not, itself, designed to provide a QoS
parameter. The QoS fabric control circuit 14 may also be used at a port 18 that is configured to
transmit transactions from one or more source components, all of which are not designed to
provide QoS parameters. If the enable register 100A is programmed to enable the fabric control
circuit 14, the mux 102 may be configured to select the QoS parameter programmed into the QoS
register 100B. Otherwise, the QoS parameter received from the controlled component 16/port 18
may be sclected by the mux 102,

[0085] Fig. 12 is a block diagram of another embodiment of a fabric control circuit 14 that
may override a QoS parameter from a source component 16 or a port 18 based on one or more
other transaction attributes. In the illustrated embodiment, the fabric control circuit 14 may
include a QoS register 100B and a mux 102 similar to the embodiment of Fig. 11, and a control
unit 104. Similar to the embodiment of Fig. 11, the QoS register 100B is coupled to an input of
the mux 102, the other input of the mux 102 is coupled to the portion of the interface from the
controlled component 16/port 18 the carries the QoS parameter, and the output of the mux 102 is
coupled to the portion of the interface to the port 18 that carries the QoS parameter. The
sclection control of the mux 102 is coupled to the control unit 104, which is coupled to receive
one or more transaction attributes of the transaction from the controlled component 16/port 18.
In some embodiments, the transaction attributes received by the control unit 104 may also
include the QoS parameter.

[0086] The embodiment of Fig. 12 may override the QoS parameter assigned by the source
component 16 with the QoS parameter programmed into the QoS register 100B. The
programmed QoS parameter may indicate a higher QoS level or a lower QoS level than the QoS
that is being overridden, as desired. For example, a higher QoS level may be selected for certain
transactions to benefit overall performance. In one implementation, a translation miss for an
address of a transaction may result in one or more read transactions to read translations tables for
the missing translation data. Since many transactions may subsequently use the translation, it
may be beneficial to transmit these read transactions with a higher QoS level than other
transactions. The transaction attributes decoded by the control unit 104 to detect the override
may include a transaction type of read and other attributes that identify the read as a translation
rcad. As another example, transactions issued by a controlled port may include transactions

sourced by components that assigns QoS parameters and other transactions that are sourced by
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components that do not assign QoS parameters. A transaction identifier may identify the source,
and may be a transaction attribute that may be used to determine whether or not an averride is
used. In general, any transaction attributes may be analyzed in various embodiments.

[0087] Turning next to Fig. 13, a block diagram of one embodiment of a fabric interface
circuit 12E having ports 18N and 18P coupled to fabric control circuits 14J and 14K is shown,
respectively, is shown. The fabric control circuit 14]J is coupled to provide a QoS trigger signal
to the fabric control circuit 14K, which in turn is configured to provide a QoS trigger signal to
the fabric control circuit 14K. Each fabric control circuit 14J-14K is coupled to receive a source
QoS paramctcr with a transaction from the sourcc (componcent or port) that is coupled to
communicate with the respective port 18N or 18P.

[0088] The fabric control circuits 14J-14K may be various types of fabric limiters, such as
transaction limiters or bandwidth limiters. Each fabric control circuit 14J-14K may be
configured to signal the other fabric control circuit if the QoS parameter of a received transaction
from the source meets/exceeds a QoS threshold. In response to the asserted trigger, the fabric
control circuit 14J-14K the receives the asserted trigger may switch using the TLimits. By
programming the TLimits to be lower than the normal limits, the receiving fabric control circuit
14J-14K may reduce its limits in response to the asserted trigger and thus the increasing QoS
requirements on the asserting fabric control circuit 14J-14K may permit the component 16/port
18 that is experienced increased QoS requirements to effectively receive more bandwidth
through the fabric interface circuit 12E since the other component/port may use less. In some
embodiments, multiple thresholds and multiple sets of TLimits may be supported, allowing even
further reduced limits as QoS thresholds are met/exceeded. For example, an embodiment that
implements real time green, yellow, and red levels may have both the yellow and red levels as
thresholds, and the TLimits for the red threshold may be lower than the TLimits for the yellow
threshold. The thresholds for QoS levels may be programmable in the fabric control circuit 14J-
14K, or may be fixed. In yet another embodiment, the QoS thresholds may be used system-wide
for bandwidth management. For example, a table of TLimits may be programmed based on the
number of source components that have crossed one or more QoS thresholds. As the number of
sourcc componcents transmitting at ycllow or red QoS lcvels incrcascs (for cxamplc), the TLimits
across the various limiters may be updated based on the values in the table.

[0089] Fig. 14 is a flowchart illustrating operation of one embodiment of the fabric control
circuits 14J-14K to gencrate the QoS trigger signal. The response to an asserted trigger signal

may be similar to Fig. 5. While the blocks are shown in a particular order for ease of
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understanding, other orders may be used. Blocks may be performed in parallel in combinatorial
logic in the fabric control circuit 14]J-14K. Blocks, combinations of blacks, and/or the flowchart
as a whole may be pipelined over multiple clock cycles. The fabric control circuit 14J-14K may
be configured to implement the operation shown in Fig. 14.

[0090] 1f the source QoS meets or exceeds the threshold QoS level (decision block 106, "yes"
leg), the fabric control circuit 14J-14K may assert the QoS trigger signal (block 108). Otherwise
(decision block 106, "no" leg), the fabric control circuit 14J-14K may deassert the QoS trigger
signal (block 109).

Hierarchical Fabric Control

[0091] Turning now to Fig. 15, a block diagram of a portion of a system including fabric
interface circuits 12F-12G, fabric control circuits 141, 14M, 14N, and 14P, and components
16H-16J is shown. The fabric interface circuits 12F-12G may include ports, similar to other
fabric interface circuits described herein. In the illustrated embodiment, the component 16H is
coupled to the fabric control circuit 14L which is coupled to the fabric interface circuit 12F. The
components 161-16] are coupled to the fabric control circuits 14N and 14P, respectively, which
arc coupled to the fabric interface circuit 12G. The fabric interface circuit 12G is coupled to the
fabric control circuit 14M, which is coupled to the fabric interface circuit 12F. As discussed
previously, the components 16H-16J and the fabric interface circuits 12F-12G may be coupled
directly for a portion of the interfaces that are not intercepted by the fabric control circuits 14L,
14M, 14N and 14P. The fabric control circuits 14L, 14M, 14N, and 14P may implement any
fabric controls, including any of the embodiments described above such as bandwidth limiters,
transaction limiters, write traffic shapers, etc.

[0092] The hierarchical structure shown in Fig. 15 illustrates how multiple levels of fabric
control circuits 14 may be used to provide additional flexibility and control for various
requestors. For example, the fabric control circuits may be programmed to permit up to a certain
amount of bandwidth consumption from the requestors they control (¢.g. through transaction
limits or bandwidth limits). The total amount programmed across that fabric control circuits that
couple to a given fabric interface circuit may, in total, be programmed for a larger amount of
bandwidth than is actually available. Such programming is referred to as "oversubscribing.” For
example, each of the fabric control circuits 14N and 14P are programmed to permit up to 60% of
the bandwidth available to the fabric interface circuit 12G to be consumed by the corresponding

components 161-16J. Accordingly, if one of the components 161-16J is not generating very many
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transactions during a given period of time, the other component 161-16] may use some of the idle
bandwidth. Similarly, at the next higher level, the fabric control circuits 141.-14M provide
control into the fabric interface circuit 12F (and may also be oversubscribed). Since there are a
number of controls available in the hicrarchical system, tuning may be performed at multiple
levels to optimize the performance.

[0093] The hierarchical fabric control may also be used to overcome bottlenecks in the
system. For example, Fig. 16 is a block diagram illustrating one embodiment of a translation
lookaside buffer 110 configured to perform address translation for read transactions and write
transactions. Each of the rcad transactions and writc transactions arc subjcct to a transaction
limit (e.g. 8 transactions) via fabric control circuits 14Q and 14R in Fig. 16. However, the TLB
110 may experience TLB misses for the read and write transactions. Particularly for write
transactions, the TLB misses cause the TLB to generate one or more read transactions, which
could conflict with the read transactions received by the TLB through the fabric control circuit
14Q. By setting the transaction limit of a second level of fabric control (e.g. fabric control circuit

14T in Fig. 16) higher (e.g. 16 transactions), the bottleneck may be alleviated.

System and Computer Accessible Medium

[0094] Turning next to Fig. 17, a block diagram of one embodiment of a system 350 is
shown. In the illustrated embodiment, the system 350 includes at least one instance of the
system 10 coupled to external memory 352. In an embodiment, the system 10 may be an
integrated circuit 10. The integrated circuit 10 may also be an integrated circuit incorporating
some or all of the components shown in Fig. 1, for example. The integrated circuit 10 is coupled
to one or more peripherals 354. A power supply 356 is also provided which supplies the supply
voltages to the integrated circuit 10 as well as one or more supply voltages to the memory 352
and/or the peripherals 354. In some embodiments, more than one mstance of the integrated
circuit 10 may be included (and more than one external memory 352 may be included as well).
[0095] The memory 352 may be any type of memory, such as dynamic random access
memory (DRAM), synchronous DRAM (SDRAM), double data rate (DDR, DDR2, DDR3, etc.)
SDRAM (including mobile versions of the SDRAMSs such as mDDR3, etc., and/or low power
versions of the SDRAMs such as LPDDR?2, ctc.), RAMBUS DRAM (RDRAM), static RAM
(SRAM), etc. One or more memory devices may be coupled onto a circuit board to form
memory modules such as single inline memory modules (SIMMs), dual inline memory modules

(DIMMs), etc. Alternatively, the devices may be mounted with the integrated circuit 10 in a
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chip-on-chip configuration, a package-on-package configuration, or a multi-chip module
configuration.

[0096] The peripherals 354 may include any desired circuitry, depending on the type of
system 350. For example, in one embodiment, the system 350 may be a mobile device (e.g.
personal digital assistant (PDA), smart phone, ctc.) and the peripherals 354 may include devices
for various types of wireless communication, such as wifi, Bluetooth, cellular, global positioning
system, etc. The peripherals 354 may also include additional storage, including RAM storage,
solid state storage, or disk storage. The peripherals 354 may include user interface devices such
as a display scrcen, including touch display scrcens or multitouch display screens, keyboard or
other input devices, microphones, speakers, etc. In other embodiments, the system 350 may be
any type of computing system (e.g. desktop personal computer, laptop, workstation, net top etc.).
[0097] Turning now to Fig. 18, a block diagram of one embodiment of a computer accessible
storage medium 200 is shown. Generally speaking, a computer accessible storage medium may
include any storage media accessible by a computer during use to provide instructions and/or
data to the computer. For example, a computer accessible storage medium may include storage
media such as magnetic or optical media, e.g., disk (fixed or removable), tape, CD-ROM, DVD-
ROM, CD-R, CD-RW, DVD-R, DVD-RW, or Blu-Ray. Storage media may further include
volatile or non-volatile memory media such as RAM (e.g. synchronous dynamic RAM
(SDRAM), Rambus DRAM (RDRAM), static RAM (SRAM), etc.), ROM, Flash memory, non-
volatile memory (e.g. Flash memory) accessible via a peripheral interface such as the Universal
Serial Bus (USB) interface, a flash memory interface (FMI), a serial peripheral interface (SPI),
etc. Storage media may include microelectromechanical systems (MEMS), as well as storage
media accessible via a communication medium such as a network and/or a wireless link. The
computer accessible storage medium 200 in Fig. 18 may store fabric control circuit code 202.
The fabric control circuit code 202 may include instructions which, when executed, program the
various fabric control circuits 14 described herein. The fabric control code 202 may program the
circuits 14 during boot, and may include instructions to dynamically reprogram the circuits 14
during operation in some embodiments. A carrier medium may include computer accessible
storage media as well as transmission media such as wired or wircless transmission.

[0098] Numerous variations and modifications will become apparent to those skilled in the
art once the above disclosure is fully appreciated. It is intended that the following claims be

interpreted to embrace all such variations and modifications.
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WHAT IS CLAIMED 1S:

1. A fabric control circuit comprising:

a register programmed with a quality of service (QoS) parameter during use; and

a multiplexor coupled to the register and coupled to receive a portion of a first interface
on which the QoS parameter is transmitted during use, wherein an output of the
multiplexor is coupled to the portion of a sccond intcrface on which the QoS
parameter is transmitted during use, wherein the fabric control circuit is
configured to select between the QoS parameter in the register and the received
QoS parameter through the multiplexor to transmit as the QoS parameter on the

second interface.

2. The fabric control circuit as recited in claim 1 further comprising a second register
programmed with a selection control during use, wherein an output of the second register is

coupled to a select input of the multiplexor.

3. The fabric control circuit as recited in claim 1 further comprising a control unit coupled to a
select input of the multiplexor and coupled to receive one or more transaction attributes from the
first interface, and wherein the control unit is configured to generate a selection control on the

select input responsive to the one or more transaction attributes.

4. The fabric control circuit as recited in claim 1 wherein the fabric control circuit is coupled to
receive a signal from a second fabric control in response to the second fabric control circuit
detecting that a first QoS parameter received by the second fabric control circuit exceeds a
threshold level, and wherein the fabric control circuit 1s configured to reduce at least one limit for
transactions issued through the fabric control circuit responsive to the signal.

5. A system comprising:

a fabric interface circuit having at least a first port;

26



10

15

25

30

WO 2012/099727 PCT/US2012/020507

a source component coupled to the first port and configured to issue transactions to the

first part; and

a fabric control circuit coupled to a first portion of a first interface to the first port from
the source component, the first portion corresponding to a QoS parameter
received by the first port, and wherein the fabric control circuit is configured to
select between a first QoS parameter in the fabric control circuit and a value
receive on the first portion of the first interface to transmit as the QoS parameter

on to the first port.

6. The system as recited in claim 5 wherein the fabric control circuit is programmable with the

first QoS parameter

7. The system as recited in claim 6 wherein the fabric control circuit is further programmable

with an enable that causes the selection of the first QoS parameter.

8. The system as recited in claim 6 wherein the fabric control circuit is further coupled to
receive one or more transaction attributes from source component, and wherein the fabric control
circuit is configured select between the first QoS parameter and the value responsive to the one

or more transaclion altribules.

9. A method comprising:

issuing a first transaction on a first interface by a source component; and

selecting a QoS parameter by a fabric control circuit coupled to the first interface,
wherein the fabric control circuit selects the QoS parameter between an internally
programmed QoS parameter and a value on a portion of an interface to the source

component that carries the QoS parameter.

10. The method as recited in claim 9 wherein a result of the selecting is the internally
programmed QoS parameter because the source component does not transmit QoS parameters

with transactions.

27



10

15

25

30

WO 2012/099727 PCT/US2012/020507

11. The method as recited in claim 9 further comprising programming an enable register in the

fabric control circuit to enable the fabric control circuit.

12. The method as recited in claim 9 further comprising;:

receiving one or more transaction attributes from the source component; and

the sclecting is responsive to the onc or more transaction attributes.

13. The method as recited in claim 9 further comprising:

issuing a second transaction from the source component, the source component

transmitting a first quality of service (QoS) parameter with the second transaction;

receiving the first QoS parameter and one or more other transaction attributes of the first

transaction in the fabric control circuit; and

responsive to the other transaction attributes, the fabric control circuit overriding the first

QoS parameter with the internally-programmed QoS parameler.

14. The method as recited in claim 13 wherein the second QoS parameter indicates a higher

level of service than the reccived QoS paramcter.

15. The method as recited in claim 13 wherein the second QoS parameter indicates a lower level

of service than the received QoS parameter.
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