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instructions associated with the predicted branch target address is predicted to be a return instruction. In response to the BTB indicating
that the next branch is predicted to be a return instruction, the processor initiates an access to a return stack [115] that stores the return
address for the predicted return instruction. By initiating access to the return stack responsive to the return prediction stored at the BTB,
the processor reduces the delay in identifying the return address, thereby improving processing efficiency.
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BRANCH TARGET BUFFER WITH EARLY RETURN PREDICTION

BACKGROUND

To increase processing efficiency, a processor can employ one or more
predictive processing techniques. One type of predictive processing technique is
referred to as branch prediction, whereby the processor predicts the outcome of a
branch instruction so that the processor can begin speculatively executing
subsequent instructions along the predicted branch before the processing unit has
evaluated the branch instruction. To further enhance processing efficiency, the
processor employs a branch target structure, referred to as a branch target buffer
(BTB). The BTB stores address information for predicted branches. However,
conventional BTB structures do not support efficient execution of different types of

program branches.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure may be better understood, and its numerous features
and advantages made apparent to those skilled in the art by referencing the
accompanying drawings. The use of the same reference symbols in different

drawings indicates similar or identical items.

FIG. 1 is a block diagram of a processor that employs a branch target buffer
(BTB) that includes return prediction information to predict whether an instruction
block targeted by a branch instruction includes a return instruction in accordance with

some embodiments.

FIG. 2 is a diagram of an example of the processor of FIG. 1 initiating access to
stack of return addresses in response to the BTB indicating that an instruction block
targeted by a branch instruction includes a return instruction in accordance with some

embodiments.

FIG. 3 is a flow diagram of a method of a processor initiating access to stack of
return addresses in response to a BTB indicating that an instruction block targeted by
a branch instruction includes a return instruction in accordance with some

embodiments.
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DETAILED DESCRIPTION

FIGs. 1-3 illustrate techniques for reducing delays in identifying a return address
for a return instruction at a processor. The processor includes a branch target buffer
(BTB) having a plurality of entries whereby each entry corresponds to an associated
instruction pointer value that is predicted to be a branch instruction. Each BTB entry
stores a predicted branch target address for the branch instruction, and further stores
information indicating whether the next branch in the block of instructions associated
with the predicted branch target address is predicted to be a return instruction. In
response to the BTB indicating that the next branch is predicted to be a return
instruction, the processor initiates an access to a return stack that stores the return
address for the predicted return instruction. By initiating access to the return stack
responsive to the return prediction stored at the BTB, the processor reduces the

delay in identifying the return address, thereby improving processing efficiency.

In contrast to the techniques described herein, a conventional processor does
not store predicted return information. Thus, a conventional processor does not
initiate access to the return stack until a fetch stage of the processor identifies that
the current instruction pointer value corresponds to a return instruction. Because
retrieving the return address from the return stack requires multiple clock cycles,
operations at the processor can be delayed. Using the techniques described herein,
the processor initiates access to the return stack early, so that when the instruction
pointer value reaches the return instruction, the return address has been retrieved
from the stack and is available for use by the processor. Thus, storing predicted
return information supports faster access to return addresses and thus improves

processing efficiency.

FIG. 1 illustrates a processor 100 that employs a branch target buffer (BTB) that
includes return prediction information to predict whether an instruction block targeted
by a branch instruction includes a return instruction in accordance with some
embodiments. The processor executes sets of instructions (e.g., computer
programs) to carry out specified tasks on behalf of an electronic device. In some
embodiments, the processor 100 is incorporated in one of a variety of electronic
devices, such as a desktop or l[aptop computer, server, game console, smartphone,
tablet, and the like.
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To support execution of instructions, the processor 100 includes an instruction
pipeline having an instruction fetch stage 102 and additional pipeline stages 104.
The additional pipeline stages 104 include stages to decode fetched instructions into
sets of operations, execution stages to execute the decoded operations, and a retire
stage to retire executed instructions. It will be appreciated that in some embodiments
the processor 100 includes additional modules to support execution of instructions,
including one or more memory controllers, input/output controllers, memory
structures (e.g., one or more caches) and the like. In addition, it will be appreciated
that in some embodiments the processor 100 includes additional instruction
pipelines. For example, in some embodiments the processor 100 includes multiple
processor cores, with each processor core having at least one instruction pipeline to
execute sets of instructions. Moreover, in some embodiments the processor 100
includes additional processing units specifically designed to execute operations
associated with special tasks, such as one or more graphics processing units (GPUs)
to execute operations associated with drawing, display, and other graphics

operations.

Returning to the illustrated embodiment of FIG. 1, the instruction fetch stage 102
is generally configured to retrieve (fetch) instructions from an instruction cache 103
based on an instruction pointer 101. As will be appreciated by one skilled in the art,
the instructions pointer 101 is an address value indicating the current instruction to be
fetched and can be modified by executing operations to modify the program flow of
the instructions being executed. For example, in some embodiments branch
instructions modify the instruction pointer 101 based, for example, on evaluation of

data specified by the branch instruction or an associated instruction.

To support efficient execution of branch instructions, the processor 100 includes
a return stack 115 and branch target buffer (BTB) 110. The return stack 115is a
stack memory structure that stores return addresses for return instructions executing
at the processor 100. In operation, in response to identifying a branch instruction that
is of type call, the fetch stage 102 generates a specified instruction pointer value as
the return address. In some embodiments, the instruction fetch stage 102 generates
the return address by adding a specified value to the instruction pointer 101, wherein

the specified value corresponds to a size (e.g., a width) of the instructions executed
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at the instruction pipeline. The instruction fetch stage pushes the return address on
the return stack 115. For a return instruction, the fetch stage 102 identifies the return
address by retrieving (popping) the return address from the top of the return stack
115, as described further herein, and storing the return address as the value of the

instruction pointer 101.

The BTB 110 includes a plurality of entries (e.g., entry 111) with each entry
corresponding to a different instruction pointer value that is associated with a branch
instruction. Each instruction cycle, the instruction fetch stage 102 provides the
instruction pointer 101 to the BTB 110. In response to identifying that an entry
corresponds to the received instruction pointer value (referred to as a BTB hit) the
BTB 110 retrieves a branch target address (BTA) from a BTA field (e.g., BTA field
112 of entry 111) of the identified entry and provides the BTA to the instruction fetch
stage 102. The BTB 110 thus provides an efficient way for the processor 100 to

quickly identify branch target addresses.

In some embodiments, the processor can modify the entries of the BTB 110,
including allocation of new entries and modification of BTAs, both non-speculatively
and speculatively. Non-speculative updates are executed by the pipeline stages 104.
For example, in response to identifying an instruction as a branch instruction, a
decode stage provides an instruction pointer value for the branch instruction to the
BTB 110. In response, the BTB 110 ensures that an entry is allocated for the
received instruction pointer value. In addition, an execution unit provides the
calculated BTA for the branch instruction to the BTB 110, which stores the BTA at the
BTA field of the corresponding entry.

To further support branch prediction, the processor 100 includes a conditional
predictor 108. The conditional predictor 108 monitors the history of branch
instructions (illustrated as branch history 109) executed at the instruction pipeline of
the processor 100, and identifies patterns in branch history 109 according to one or
more known branch prediction techniques. Based on the identified patterns and on
the actual direction of each branch, the conditional predictor 108 predicts whether
each branch instruction is taken or not taken (sometimes referred to as the direction

of the branch instruction).
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Returning to the BTB 110, in addition to stored BTAs, each entry includes a
return prediction field (e.g. return prediction field 113) to indicate if the next branch
instruction in the block of instructions associated with the corresponding BTA is
predicted to be a return instruction. For ease of description, such a sequence is
referred to herein as a “branch-return” sequence, with the branch instruction that
begins the sequence referred to as the “source” branch of the branch-return

sequence. An example of such a sequence is as follows:

JMP ADDRESS A (source branch instruction)

LD X, DATA1 (Load value to register X)
ADD XY (Add values at register X and register Y)
RETURN

In contrast, the following is an example of a sequence wherein a return instruction is
not the next branch instruction following the given branch instruction (and is therefore

not a branch-return sequence):

JMP ADDRESS A (branch instruction)

LD X, DATA1 (Load value to register X)

ADD XY (Add values at register X and register Y)

JMP ADDRESS B (branch instruction—not a branch return sequence)

In response to identifying a branch-return sequence a threshold number of
times, the BTB 110 sets the return prediction field to indicate a predicted return. In
response to receiving an instruction pointer value from the instruction fetch stage
102, the BTB 110 determines if the received instruction pointer value results in a BTB
hit, as described above. In response to a BTB hit, the BTB 110 provides to the
instruction fetch stage 102 the BTA at the BTA field of the entry that caused the BTB
hit. In addition, the BTB 110 determines if the corresponding return prediction field
indicates a predicted return. If so, the BTB 110 initiates a pop operation at the return
stack 115. The return address is therefore available for quick access when the

predicted return instruction is reached.

In the event that the next branch instruction in the program flow is not a return
instruction, one or more of the pipeline stages 104 indicates to the BTB 110 a mis-
predicted return. In some embodiments, in response to a mis-predicted return, the
BTB 110 clears the return prediction field for the entry corresponding to the source

branch instruction of the branch return sequence. In other embodiments, the BTB
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110 clears the return prediction field in response to the mis-predicted return occurring

a threshold number of times.

In some embodiments, in addition to initiating access to the return stack 115, the
processor 100 takes additional actions in response to a predicted return. For
example, in some embodiments, in response to a predicted return the processor 100
suppresses the subsequent access to the BTB 110 that is expected to resultin a BTB
hit on the predicted return instruction itself. By suppressing this access, the

processor 100 conserves power and other system resources.

FIG. 2 is a diagram of an example 200 of the processor 100 initiating access to
the return stack 115 in response to the BTB 110 indicating that an instruction block
targeted by a branch instruction includes a return instruction in accordance with some
embodiments. In the example 200, the entry 111 includes the BTA field 112 to store
a BTA for the branch instruction corresponding to the entry 111. In addition, the
return prediction field 113 of entry 111 is set to value (indicated as “Y” in the depicted
example) that indicates the branch instruction is predicted to be the branch source of
a branch-return sequence. That is, the return prediction field 113 is in a state
indicating that the next branch instruction in the block of instructions associated with
the branch instruction corresponding to entry 111 is predicted to be a return
instruction. For ease of description, this state is referred to herein as the return

prediction field indicating a predicted return.

For example 200, the instruction fetch stage 102 provides the instruction pointer
101 to the BTB 110. The provision of the instruction pointer 101 results in a BTB hit
at the entry 111. That is, the BTB 110 identifies the entry 111 as being associated
with the memory address corresponding to the instruction pointer 101. In response to
the BTB hit, the BTB 110 provides the BTA stored at the BTA field 112 to the
instruction fetch stage 102. In addition, responsive to the return prediction field 113
indicating a predicted return, the BTB 110 initiates an access to the return stack 115
to retrieve (pop) the address at the top of the stack, for provision to the instruction
fetch stage 102.

FIG. 3 is a flow diagram of a method 300 of a processor initiating access to

stack of return addresses in response to a BTB indicating that an instruction block
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targeted by a branch instruction includes a return instruction in accordance with some
embodiments. At block 302, the BTB receives an instruction pointer value from a
fetch stage of the processor. At block 304 the BTB identifies an entry corresponding
to the received instruction pointer. At block 306, the BTB identifies whether a return
prediction field of the identified entry indicates a predicted return. If not, the method
flow moves to block 310 and the BTB provides a BTA at the identified BTB entry to
the fetch stage.

If, at block 306, the BTB identifies that a return prediction field of the identified
entry does indicate a predicted return, the method flow moves to block 308 and the
BTB initiates retrieval of the return address from the top of the return stack. The
method flow proceeds to block 310 and the BTB provides a BTA at the identified BTB
entry to the fetch stage.

As disclosed herein, in some embodiments a method includes: identifying,
based on a first entry of a branch target buffer (BTB) of a processor, a prediction of a
first branch return instruction; and in response to identifying the prediction of the first
branch return instruction, initiating access to a stack of branch return addresses of
the processor. In one aspect, the first entry includes: a first return field indicating the
prediction of the first branch return instruction; and a first branch field indicating a first
predicted branch address. In another aspect, the prediction of the first branch return
instruction includes a prediction that the first predicted branch address corresponds
to a return instruction. In still another aspect, the method includes setting the first
entry to indicate no return prediction in response to identifying that the first branch

return instruction was mispredicted.

In one aspect, the method includes: in response to determining that the first
entry indicates a prediction of a return instruction, suppressing a subsequent access
to the BTB. In yet another aspect, the method includes: identifying, based on a
second entry of the BTB, a prediction of a second branch return instruction; and in
response to identifying the prediction of the second branch return instruction,

initiating access to the stack of branch return addresses.

As disclosed herein, in some embodiments a method includes: accessing a first

entry of a branch target buffer (BTB) based on a first program counter value;
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branching to a first instruction address based on a first branch address field of the
first entry of the BTB; and in response to a first return field of the first entry of the BTB
indicating that the first instruction address corresponds to a return instruction,
initiating access to a stack of branch return addresses. In one aspect, the method
includes: in response to determining that the first instruction address corresponds to
the return instruction, storing an indication of a return at the first return field. In yet
another aspect, initiating access to the stack of branch return addresses includes
returning an instruction address from the stack of branch return addresses concurrent
with branching to the first instruction address. In still another aspect, the method
includes in response to the first return field indicating that the first instruction address

corresponds to the return instruction, suppressing a subsequent access to the BTB.

In one aspect, suppressing the subsequent access includes suppressing an
access to the BTB that is expected to result in a BTB hit on a predicted return
instruction. In another aspect, the method includes: accessing a second entry of the
BTB based on a second program counter value; branching to a second instruction
address based on a second branch address field of the first entry of the BTB; and in
response to a second return field of the second entry of the BTB indicating that the
second instruction address corresponds to a return instruction, initiating access to the
stack of branch return addresses. In yet another aspect, the method includes: setting
the first entry to indicate no return prediction in response to identifying that the return

was mispredicted.

As disclosed herein, in some embodiments a processor includes: a branch
target buffer (BTB) comprising a first entry identifying a prediction of a first branch
return instruction; a stack of branch return addresses; and a processor core
configured to, in response to the first entry of the BTB indicating the prediction of the
first branch return instruction, initiating access to the stack of branch return
addresses. In one aspect, the first entry of the BTB includes: a first return field
indicating the prediction of the first branch return instruction; and a first branch field
indicating a first predicted branch address. In another aspect, the prediction of the
first branch return instruction includes a prediction that the first predicted branch

address corresponds to a return instruction.
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In one aspect, the processor core is configured to: set the first entry to indicate
no return prediction in response to identifying that the first branch return instruction
was mispredicted. In another aspect, the processor core is configured to: in
response to determining that the first entry indicates a return instruction, suppress a
subsequent access to the BTB. In still another aspect, the processor core is
configured to: in response to determining that the first entry indicates a return
instruction, suppress a subsequent access to the BTB that is expected to access the
first branch return instruction. In yet another aspect, the BTB includes a second entry
indicating a prediction of a second branch return instruction; and the processor core
is configured to, in response to identifying the prediction of the second branch return

instruction, initiate access to the stack of branch return addresses.

A computer readable storage medium may include any non-transitory storage
medium, or combination of non-transitory storage media, accessible by a computer
system during use to provide instructions and/or data to the computer system. Such
storage media can include, but is not limited to, optical media (e.g., compact disc
(CD), digital versatile disc (DVD), Blu-Ray disc), magnetic media (e.g., floppy disc,
magnetic tape, or magnetic hard drive), volatile memory (e.g., random access
memory (RAM) or cache), non-volatile memory (e.g., read-only memory (ROM) or
Flash memory), or microelectromechanical systems (MEMS)-based storage media.
The computer readable storage medium may be embedded in the computing system
(e.g., system RAM or ROM), fixedly attached to the computing system (e.g., a
magnetic hard drive), removably attached to the computing system (e.g., an optical
disc or Universal Serial Bus (USB)-based Flash memory), or coupled to the computer

system via a wired or wireless network (e.g., network accessible storage (NAS)).

In some embodiments, certain aspects of the techniques described above may
implemented by one or more processors of a processing system executing
software. The software includes one or more sets of executable instructions stored
or otherwise tangibly embodied on a non-transitory computer readable storage
medium. The software can include the instructions and certain data that, when
executed by the one or more processors, manipulate the one or more processors to
perform one or more aspects of the techniques described above. The non-transitory

computer readable storage medium can include, for example, a magnetic or optical
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disk storage device, solid state storage devices such as Flash memory, a cache,
random access memory (RAM) or other non-volatile memory device or devices, and
the like. The executable instructions stored on the non-transitory computer readable
storage medium may be in source code, assembly language code, object code, or
other instruction format that is interpreted or otherwise executable by one or more

processors.

Note that not all of the activities or elements described above in the general
description are required, that a portion of a specific activity or device may not be
required, and that one or more further activities may be performed, or elements
included, in addition to those described. Still further, the order in which activities are
listed are not necessarily the order in which they are performed. Also, the concepts
have been described with reference to specific embodiments. However, one of
ordinary skill in the art appreciates that various modifications and changes can be
made without departing from the scope of the present disclosure as set forth in the
claims below. Accordingly, the specification and figures are to be regarded in an
illustrative rather than a restrictive sense, and all such modifications are intended to

be included within the scope of the present disclosure.

Benefits, other advantages, and solutions to problems have been described
above with regard to specific embodiments. However, the benefits, advantages,
solutions to problems, and any feature(s) that may cause any benefit, advantage, or
solution to occur or become more pronounced are not to be construed as a critical,
required, or essential feature of any or all the claims. Moreover, the particular
embodiments disclosed above are illustrative only, as the disclosed subject matter
may be modified and practiced in different but equivalent manners apparent to those
skilled in the art having the benefit of the teachings herein. No limitations are
intended to the details of construction or design herein shown, other than as
described in the claims below. It is therefore evident that the particular embodiments
disclosed above may be altered or modified and all such variations are considered
within the scope of the disclosed subject matter. Accordingly, the protection sought

herein is as set forth in the claims below.
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WHAT IS CLAIMED IS:

1. A method comprising:

10

15

20

25

identifying, based on a first entry [111] of a branch target buffer (BTB) [110]of
a processor [100], a prediction of a first branch return instruction; and

in response to identifying the prediction of the first branch return instruction,
initiating access to a stack [115] of branch return addresses of the

processor.

. The method of claim 1, wherein the first entry comprises:

a first return field [113] indicating the prediction of the first branch return
instruction; and

a first branch field [112] indicating a first predicted branch address.

. The method of claim 2, wherein the prediction of the first branch return instruction

comprises a prediction that the first predicted branch address corresponds to a

return instruction.

. The method of claim 3, further comprising setting the first entry to indicate no

return prediction in response to identifying that the first branch return

instruction was mispredicted.

. The method of claim 1, further comprising:

in response to determining that the first entry indicates a prediction of a return

instruction, suppressing a subsequent access to the BTB.

. The method of claim 1, further comprising:

identifying, based on a second entry of the BTB, a prediction of a second
branch return instruction; and
in response to identifying the prediction of the second branch return

instruction, initiating access to the stack of branch return addresses.
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7. A method, comprising:
accessing a first entry of a branch target buffer (BTB) [110] based on a first
program counter value [101];
branching to a first instruction address based on a first branch address field
[112] of the first entry of the BTB; and
in response to a first return field [113] of the first entry of the BTB indicating
that the first instruction address corresponds to a return instruction,

initiating access to a stack [115] of branch return addresses.

8. The method of claim 7, further comprising:
in response to determining that the first instruction address corresponds to the

return instruction, storing an indication of a return at the first return field.

9. The method of claim 7, wherein initiating access to the stack of branch return
addresses comprises returning an instruction address from the stack of branch

return addresses concurrent with branching to the first instruction address.

10. The method of claim 7, further comprising:
in response to the first return field indicating that the first instruction address
corresponds to the return instruction, suppressing a subsequent access
to the BTB.

11. The method of claim 10, wherein suppressing the subsequent access comprises
suppressing an access to the BTB that is expected to result in a BTB hit on a

predicted return instruction.

12. The method of claim 7, further comprising:
accessing a second entry of the BTB based on a second program counter
value;
branching to a second instruction address based on a second branch address
field of the first entry of the BTB; and
in response to a second return field of the second entry of the BTB indicating
that the second instruction address corresponds to a return instruction,

initiating access to the stack of branch return addresses.
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13.

14.

15.

16.

17.

18.

19.

13

The method of claim 7, further comprising:
setting the first entry to indicate no return prediction in response to identifying

that the return was mispredicted.

A processor[100], comprising:
a branch target buffer (BTB) [110] comprising a first entry [111] identifying a
prediction of a first branch return instruction;
a stack of branch return addresses [115]; and
a processor core configured to, in response to the first entry of the BTB
indicating the prediction of the first branch return instruction, initiating

access to the stack of branch return addresses.

The processor of claim 14, wherein the first entry of the BTB comprises:
a first return field [113] indicating the prediction of the first branch return
instruction; and

a first branch field [112] indicating a first predicted branch address.

The processor of claim 15, wherein the prediction of the first branch return
instruction comprises a prediction that the first predicted branch address

corresponds to a return instruction.

The processor of claim 15, wherein the processor core is configured to:
set the first entry to indicate no return prediction in response to identifying that

the first branch return instruction was mispredicted.

The processor of claim 14, wherein the processor core is configured to:
in response to determining that the first entry indicates a return instruction,

suppress a subsequent access to the BTB.

The processor of claim 14, wherein the processor core is configured to:
in response to determining that the first entry indicates a return instruction,
suppress a subsequent access to the BTB that is expected to access

the first branch return instruction.
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20. The processor of claim 14, wherein:
the BTB comprises a second entry indicating a prediction of a second branch
return instruction; and
the processor core is configured to, in response to identifying the prediction of
the second branch return instruction, initiate access to the stack of

branch return addresses.
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