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METHOD AND APPARATUS FOR BRANCH
PREDICTION BASED ON BRANCH TARGETS

FIELD OF THE INVENTION

This invention relates to digital processors and, more particularly, to methods
and apparatus for improving digital processor performance by predicting branches

based on branch targets.

BACKGROUND OF THE INVENTION

A digital signal computer, or digital signal processor (DSP), is a special
purpose computer that is designed to optimize performance for digital signal
processing applications, such as, for example, fast Fourier transforms, digital filters,
image processing, signal processing in wireless systems, and speech recognition.
Digital signal processor applications are typically characterized by real-time
operation, high interrupt rates and intensive numeric computations. In addition,
digital signal processor applications tend to be intensive in memory access operations
and to require the input and output of large quantities of data. Digital signal processor
architectures are typically optimized for performing such computations efficiently. In
addition to digital signal processor applications, DSPs are frequently required to
perform microcontroller operations. Microcontroller operations involve the handling
of data but typically do not require extensive computation.

Digital signal processors may utilize a pipelined architecture to achieve high
performance. As known in the art, a pipelined architecture includes multiple pipeline
stages, each of which performs a specified operation, such as instruction fetch,
instruction decode, address generation, arithmetic operations, and the like. Program
instructions advance through the pipeline stages on consecutive clock cycles, and
several instructions may be in various stages of completion simultaneously.

Performance can be enhanced by providing a large number of pipeline stages.
The number of pipeline stages in a processor is sometimes referred to as pipeline
depth. Notwithstanding the enhanced performance provided by pipelined

architectures, certain program conditions may degrade performance. An example of

such a program condition is a branch instruction. Branch instructions are common in
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most computer programs, including for example digital signal processor applications
and microcontroller applications. When a branch instruction advances through a
pipelined processor and branch prediction is not utilized, sequential instructions
follow the branch instruction in the pipeline. If the branch is taken, the pipeline must
be drained by aborting all instructions currently in the pipeline and re-executing
instructions from the branch target. The branch performance penalty is proportional
to the depth of the pipeline. For deeply pipelined architectures and programs having
frequent branch instructions, the performance penality is severe.

Branch prediction techniques are known in the art. In a typical prior art
approach, a branch cache contains the addresses of branch instructions and
corresponding prediction information. When a branch instruction is fetched, the
prediction information is used to estimate if the branch will be taken.

Prior art branch prediction techniques have had drawbacks and disadvantages
including, but not limited to, excessive complexity and power consumption, and
limited impact on performance. Accordingly, there is a need for improved methods

and apparatus for branch prediction in digital processors.

SUMMARY OF THE INVENTION

According to a first aspect of the invention, a method is provided for branch

prediction in a digital processor. The method comprises providing a branch target
buffer having a tag array and a data array, whérein each entry in the tag array provides
an index to a corresponding entry in the data array, storing in a selected entry in the
tag array information representative of a branch target of a current branch instruction,
storing in a corresponding entry in the data array information representative of a
branch target of a next branch instruction, and providing the information
representative of the branch target of the next branch instruction in response to a
match to an entry in the tag array.

The step of storing information representative of a branch target of a current
branch instruction may comprise storing a taken branch target address of the current
branch instruction in the case of a taken branch. The step of storing information

representative of a branch target of a current branch instruction may comprise storing
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an address of a next sequential instruction following the current branch instruction in
the case of a not taken branch.

The step of storing information representative of a branch target of a next
branch instruction may comprise storing a taken branch target address of the next
branch instruction and a not taken branch target address of the next branch instruction.
The not taken branch target address may comprise an offset value which represents an
address of a next sequential instruction following the next branch instruction.

The method may further comprise performing a block size calculation by
subtracting the offset value from a current fetch address and redirecting instruction
fetching to the branch target buffer when the difference between the offset value and
the current fetch address is less than a predetermined value. The predetermined value
may represent the length of a fetch buffer.

The step of storing information representative of a branch target of a next
branch instruction may comprise storing prediction information corresponding to the
next branch instruction. The prediction information may be updated following
execution of the next branch instruction. A taken branch target address of the next
branch instruction or a next sequential address may be selected in response to the
prediction information.

According to another aspect of the invention, apparatus is provided for
predicting branches in a program executed on a digital processor. The apparatus
comprises a branch target buffer having a tag array and a data array, wherein each
entry in the tag array provides an index to a corresponding entry in the data array,
means for storing in a selected entry in the tag array information representative of a
branch target of a current branch instruction, means for storing in a corresponding
entry in the data array information representative of a branch target of a next branch
instruction, and means for providing from the branch target buffer the information
representative of the branch target of the next branch instruction in response to a
match to an entry in the tag array.

According to a further aspect of the invention, apparatus is provided for
predicting branches in a program executed on a digital processor. The apparatus
comprises a branch target buffer having a tag array and a data array, wherein each

entry in the tag array provides an index to a corresponding entry in the data array,
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wherein a selected entry in the tag array stores information representative a branch
target of a current branch instruction and a corresponding entry in the data array stores
a taken branch target address of a next branch instruction, a not taken branch target
address of the next branch instruction and prediction information corresponding to the
next branch instruction, an address selector for selecting the taken branch target
address or the not taken branch target address in response to the prediction
information, and a block size calculation unit for redirecting instruction fetching to the
branch target buffer when the difference between the not taken branch target address

and the current fetch address is less than a predetermined value.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the present invention, reference is made to the
accompanying drawings, which are incorporated herein by reference and in which:

FIG. 1 is a block diagram of a digital processor having a pipelined
architecture;

FIG. 2 is a simplified block diagram of the fetch unit and decode unit shown in
FIG. 1;

FIG. 3 is a simplified block diagram of the branch predictor of FIG. 2;

FIG. 4A is a schematic diagram that illustrates an example of program
segments which include branch instructions;

FIG. 4B is a table that illustrates contents of a branch target buffer for the
program segments of FIG. 4A, in accordance with an embodiment of the invention;

FIG. 5 is a block diagram of an embodiment of the branch predictor;

FIG. 6 is a block diagram of an embodiment of the block size calculation unit
shown in FIG. 5;

FIG. 7A illustrates an example of a program segment having a branch
instruction;

FIGS. 7B and 7C illustrate execution of the program segment of FIG. 7A ina
pipelined processor, in accordance with an embodiment of the invention; and

FIG. 8 is a flow diagram that illustrates operation of the branch target buffer in

accordance with an embodiment of the invention.
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DETAILED DESCRIPTION

A block diagram of an embodiment of a digital signal processor (DSP) is
shown in FIG. 1. The digital signal processor includes a computation core 10 and a
memory 12. The computation core is the central processor of the DSP. The core 10
and the memory 12 may have a pipelined architecture, as described below. In this
embodiment, core 10 includes an instruction fetch unit 20, an instruction decode unit
22, a load/store unit 24, an execution unit 30 and a system unit 32, which may include
a branch resolution unit.

The instruction fetch unit 20 and the instruction decode unit 22 are discussed
below. Load/store unit 24 controls access to memory 12. Memory read data may be
transferred from memory 12 to a register file in execution unit 30. Memory write data
may be transferred from the register file in execution unit 30 to memory 12.
Instruction fetch unit 20 may access memory 12 in the case of an instruction cache
miss in fetch unit 20. System unit 32 provides branch resolution information to
instruction fetch unit 20 as described below. Execution unit 30 may include adders,
multipliers, accumulators, shifters, etc. as needed for instruction execution.

A simplified block diagram of instruction fetch unit 20 and instruction decode
unit 22 is shown in FIG. 2. Instruction fetch unit 20 may include a PC (Program
Counter) redirection unit 40, an instruction cache 42, an instruction queue 44, an
instruction alignment unit 46 and a branch predictor 50. The PC redirection unit 40
determines the addresses of the instructions to be fetched. Program instructions are
fetched from the instruction cache 42, are placed in instruction queue 44 and are
aligned by alignment unit 46. The aligned instructions are decoded by instruction
decoder 22, and the decoded instructions are passed to the load/store unit 24 (FIG. 1).
In the event of an instruction cache miss, the requested instruction is accessed in
memory 12 (FIG. 1). During normal program flow, a program counter is incremented
to generate sequential instruction addresses. Branch predictor 50 operates as
described in detail below to predict branch instructions and to redirect instruction
fetching so as to limit adverse effects on performance. After the branch instruction
has been executed, branch resolution information is provided from system unit 32

(FIG. 1).
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The computation core 10 preferably has a pipelined architecture. The
pipelined architecture is a well-known architecture wherein the core includes a series
of connected stages that operate synchronously, and instruction execution is divided
into a series of operations performed in successive pipeline stages in successive clock
cycles. Thus, for example, a first stage may perform instruction fetch, a second stage
may perform instruction decoding, a third stage may perform data address generation,
a fourth stage may perform data memory access and a fifth stage may perform the "
specified computation. An advantage of the pipelined architecture is increased
operating speed, since multiple instructions may be in process simultaneously, with
different instructions being in different stages of completion. It will be understood
that each of the units shown in FIG. 1 may include one or more pipeline stages. By
way of example only, the computation core 10 may include up to 30 stages.

Branch predictor 50 is shown in more detail in FIG. 3. A redirected PC
address is supplied to a first predictor 60 and to a second predictor 62. Each of
predictors 60 and 62 may contain prediction information indicative of whether each
branch will be taken or not taken when a corresponding branch instruction is
executed. The prediction information in predictors 60 and 62 may be based on
different criteria. The outputs of predictors 60 and 62 are supplied to a predictor
selector 64. Predictor 62 also supplies a target address to a target selection unit 70.
Target selection unit 70 further receives a next sequential address and a return address
from a return stack 72. One of the fetch addresses is selected by target selection unit
70 in accordance with the output of predictor selector 64. The fetch address is
supplied to an input of PC redirection unit 40 and to the input of a predicted address
FIFO 74. The output of FIFO 74 is supplied to PC redirection unit 40. FIFO 74 is
controlled by a redirection signal from branch resolution unit 32 (FIG. 1).

FIG. 4A is a schematic diagram that illustrates an example of program
segments containing branch instructions. Each program segment includes a series of
instructions and corresponding instruction addresses. A program segment 100
includes instructions 1 through 5 at addresses A through A+32, respectively.
Instruction 1 at address A is the target of a previous branch instruction. Program
segment 100 includes a branch instruction 4 at address A+24. A program segment

102 includes instructions 24 through 26 at addresses B through B+16, respectively.
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Program segment 102 includes a branch instruction 26 at address B+16. A program
segment 104 includes instructions 27 through 29 at addresses C through C+16,
respectively. Program segment 104 includes a branch instruction 28 at address C+8.
Branch instruction 4 in program segment 100 targets instruction 24 at address B in
program segment 102. Branch instruction 26 in program segment 102 targets
instruction 40 at address E. Branch instruction 28 in program segment 104 targets an
instruction (not shown) at address D.

Each branch instruction in FIG. 4A is a conditional branch. If a condition
specified by the branch instruction is met, the branch is taken and a target instruction,
referred to as a “taken branch target”, is fetched. If the condition is not met, the next
sequential instruction following the branch instruction, referred to as a “not taken
branch target”, is fetched. A “taken branch target address” corresponds to the taken
branch target, and a “not taken branch target address” corresponds to the not taken
branch target.

In accordance with an aspect of the invention, branch predictor 50 shown in
FIG. 2 includes a branch target buffer. The branch target buffer (BTB) has a structure
similar to a cache memory, including a tag array and a data array. Each entry in the
BTB includes a tag entry and a corresponding data entry. The tag entry and the data
entry may each include one or more fields. Each tag entry includes a tag address
which corresponds to the upper order bits of an instruction address. The tag address
serves as an index to the corresponding data entry. When an input instruction address
matches a tag address, a BTB hit occurs and the corresponding data entry is accessed.

In accordance with an embodiment of the invention, each entry in the BTB
may include the following fields. The tag entry may include a tag address field which
contains the address of the target instruction of the current branch instruction, based
on prediction information as discussed below. In the case of a taken branch, the tag
address is the taken branch target address of the current branch instruction. In the
case of a not taken branch, the tag address is the address of the instruction that follows
the current branch instruction. The tag entry may also include a valid field and a LRU
(least recently used) field. In one example, the tag address field includes 23 bits (bits
31:9 of the address), the valid field includes one bit and the LRU field includes 6 bits.

It will be understood that these fields and field sizes are given by way of example
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only and are not limiting as to the scope of the invention. Different tag entry fields
and field sizes may be utilized within the scope of the invention.

The corresponding data entry may include information representative of a
branch target of a next branch instruction. The next branch instruction is one that
follows the current branch instruction and may be separated from the current branch
instruction by any number of sequential instructions. The data entry may include a
target address field, an offset field, and a prediction field. The target address field
may include the taken branch target address of the next branch instruction. The offset
field may include the low order address bits of the next sequential instruction
following the next branch instruction. In one embodiment, the prediction field may
include two bimodal prediction bits, which may have values of strongly taken, weakly
taken, weakly not taken or strongly not taken. It will be understood that a variety of
different predictors may be utilized. Additional fields in each data entry may include
an overflow field, a branch type field and a user/supervisor field. The overflow field
may include an offset overflow bit which indicates overflow of the offset value into
the next instruction cache page. The branch type field may include branch type bits,
which may represent call, return, unconditional branch or conditional branch. In one
example, the target address field includes 31 bits, the offset field includes 6 bits, the
overflow field includes one bit, the prediction field includes two bits, the
user/supervisor field includes one bit, and the branch type field includes two bits. It
will be understood that these fields and field sizes are given by way of example only
and are not limiting as to the scope of the invention. Different data entry fields and
field sizes may be utilized within the scope of the invention.

The size of the BTB may be based on the size of the instruction cache.
Preferably, the BTB should provide prediction for all branches in the instruction
cache. In one embodiment, the BTB has 1 K entries for an instruction cache size of
32 K bytes. It will be understood that other BTB sizes and techniques for determining
BTB size may be utilized within the scope of the invention.

Referring now to FIG. 4B, a portion of a branch target buffer 110 is shown.
BTB 110 includes a tag array 112 and a data array 114. Entry 120 in BTB 110
includes target address A in the tag address field of tag array 112, target address B in
the target address field of data array 114, the address of instruction 5 in the offset field
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of data array 114, “conditional” in the branch type field of data array 114 and “taken”
in the prediction field of data array 114. Similarly, entry 122 in BTB 100 includes
target address B in the tag address field of tag array 112 and target address E in the
target address field of data array 114. In addition, entry 122 includes the address of
instruction 27 in the offset field, “conditional” in the branch type field and “not taken”
in the prediction field of data array 114. It may be observed that instruction address B
is the next target address in entry 120 and is the current target address in entry 122 for
the case where instruction 4 is a taken branch. Entry 124 in BTB 110 includes, in the
tag address field of tag array 112, next sequential address C following branch
instruction 26, for the case where branch instruction 26 is a not taken branch. Entry
124 also includes target address D of branch instruction 28 in the target address field
of data array 114 and the address of instruction 29 in the offset field of data array 114.
In each case, the target address field of data array 114 contains the taken branch target
address of the next branch instruction and the offset field of data array 114 contains
the not taken branch target address of the next branch instruction.

A block diagram of an embodiment of branch predictor 50 is shown in FIG. 5.
A pipeline architecture is illustrated. In particular, stages 2, 3 and 4 of a pipelined
processor are shown. Stage 1 (not shown) may include a translation lookaside buffer
(TLB) for translating virtual addresses to physical addresses. Stage 2 may include an
adder 150, an address selector 152 and a stage 2 latch 154. Adder 150 supplies
sequential instruction addresses to address selector 152 during sequential instruction
fetching. Address selector 152 also receives instruction addresses from FIFO 74, a
predicted fetch address from branch target buffer 110 and a redirection address from
branch resolution unit 32 (FIG. 1). A redirected PC address is output from address
selector 152 and is held in stage 2 latch 154,

The output of stage 2 latch 154 is supplied to stage 3, which includes a
predictor selection array 160, a branch history table 162 (predictor 2), branch target
buffer 110, an adder 170 and a return stack 174. As described above, branch target
buffer 110 includes tag array 112 and data array 114 (predictor 1). Stage 3 further
includes an address selector 176 which selects the output of latch 154 or the output of
adder 170 in response to the offset overflow bit. The outputs of predictor selection

array 160 and branch history table 162 are held in a stage 3 latch 180. The outputs of
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BTB data array 114 are held in a stage three latch 182, and the outputs of BTB tag
array 112 are held in a stage 3 latch 184. The output of address selector 176 is held in
a stage 3 latch 186, and the output of return stack 174 is held in a stage 3 latch 188.
The current PC address from latch 154 is held in a stage 3 latch 190.

The outputs of stage 3 latches 180, 182, 184, 186 and 188 are supplied to stage
4. Stage 4 includes a predictor selector 200, control logic 210, a data entry selector
220, an address selector 230 and a block size calculation unit 240.

In the example of FIG. 5, branch target buffer 110 has a cache structure
including four ways. An input address to tag array 112 may or may not match one of
the tag array entries. When the input address does not match a tag array entry, a BTB
miss occurs and sequential fetching resumes. When the input address matches a tag
array entry in one of the ways, a BTB hit occurs and the tag array 112 supplies a
match signal via latch 184 to the select input of data entry selector 220. Data entry
selector 220 receives the outputs of the ways of data array 114 via latch 182 and is
controlled by the match signal from tag array 112 to provide a data entry from data
array 114 in BTB 110. The selector 220 outputs the data entry selected by the match
signal.

The data entry output by selector 220 includes a target address, which is
supplied to an input of address selector 230, an offset, prediction bits, which are
supplied to a first input of predictor selector 200, and a branch type, which is supplied
to control logic 210. Address selector 230 receives the target address from data entry
selector 220, a current PC address from stage 3 latch 190, a next sequential address
(NSA) from stage 3 latch 186 and a return address from stage 3 latch 188.

Prediction bits from branch history table 162 are supplied via latch 180 to a
second input of predictor selector 200, and a prediction selection signal from predictor
selection array 160 is supplied via latch 180 to a selection input of predictor selector
200. Selector 200 selects prediction bits from data array 114 (predictor 1) or from
branch history table 162 (predictor 2) and outputs a branch taken/not taken signal to
control logic 210.

Control logic 210 receives the branch taken/not taken signal and the branch
type signal and provides a select signal to address selector 230. In the case of a

conditional branch, control logic 210 selects the target address or the next sequential
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address according to the branch taken/not taken signal. In the case of a return
instruction, the return address is selected. In the case of sequential instruction
fetching, the current PC address is selected.

The output of address selector 230 is supplied to a stage 4 latch 250 and to
block size calculation unit 240. Block size calculation unit 240 also receives the
current PC address from stage 3 latch 190. The output of block size calculation unit
240 is supplied to a stage 4 latch 252. The output of stage 4 latch 252 provides a
control input to address selector 152 in stage 2.

The output of stage 4 latch 250 is supplied to FIFO 74, which is part of stage
5. FIFO 74 holds the data entry in data array 114 for each branch instruction that is
pending in the pipeline. Upon branch resolution, the information in FIFO 74 is used
to update BTB 110. When the BTB 110 is updated following branch resolution,
current target information is provided by branch resolution unit 32 (FIG. 1) and next
target information is provided by FIFO 74.

The block size calculation unit 240 determines when the BTB 110 is to be
accessed based on the offset value from the most recent BTB access. The offset value
contains the low order bits of the next sequential address after the next branch
instruction. The block size calculation unit 240 compares the current fetch address
with the offset value to determine when the BTB 110 should be accessed. Each
access to instruction cache 42 fetches four 16-bit words, or eight bytes. When the
difference between the current fetch address and the offset value is less than eight
bytes, the current fetch address is the address of the next branch instruction. Thus,
when the difference between the current fetch address and the offset value is less than
8, redirection to branch target buffer 110 is initiated by block size calculation unit
240.

A schematic block diagram that illustrates an embodiment of an algorithm for
generating the next fetch address is shown in FIG. 6. Like elements in FIGS. 5 and 6
have the same reference numerals. A current fetch address 300 may include bits
(31:1) in the case of a 32-bit instruction address. The high order bits (31:7) of current
fetch address 300 are supplied to a first input of adder 170 and to a first input of
address selector 176. The adder 170 adds one to the high order bits of current fetch
address 300. The output of adder 170 is supplied to a second input of address selector
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176. The offset overflow bit controls address selector 176. Thus, adder 170 and
address selector 176 determine if the offset value causes the current fetch address to
overflow to the next instruction cache page. The output of address selector 176
constitutes upper order bits (31:7) of a sequential address 320 following the next
branch instruction. Low order bits (6:1) of sequential address 320 are obtained from
an offset value 324 from BTB 110. A next target address 330, including bits (31:1), is
also obtained from BTB 110. Address selector 230 receives sequential address 320
following the next branch instruction and next target address 330 at first and second
inputs, respectively. Address selector 230 is controlled by the taken/not taken
prediction from control logic 210 (FIG. 5), which may be from the prediction bits in
branch target buffer 110 or from branch history table 162 (FIG. 5). In the case of a
“taken” prediction, address selector 230 supplies next target address 330 as a next
BTB address 350. In the case of a “not taken” prediction, address selector 230
supplies sequential address 320 as the next BTB address 350.

As shown in FIG. 6, block size calculation unit 240 includes a subtractor 310
and a comparator 360. The low order bits (7:1) of current fetch address 300 are
supplied to a first input of subtractor 310. Subtractor 310 subtracts offset value 324
from the low order bits (7:1) of current fetch address 300. Comparison unit 360
determines if the output of subtractor 310 is less than 8. When the output of
subtractor 310 is less than 8, instruction fetching is redirected to BTB 110.
Otherwise, the current fetch address 300 is incremented by 8 bytes to determine the
next fetch address. It will be understood that the value of 8 compared with the output
of subtractor 310 is based on the number of bytes in a fetch buffer and that different
predetermined values may be used within the scope of the invention.

A program segment including a program loop is illustrated in FIG. 7A. A
program segment 400 includes instructions at addresses PC1 through PC6. A branch
instruction at address PC5 branches to an instruction named “loop” at address PC1.
An instruction at address PC6 is a next sequential address following the branch
instruction.

Execution of program segment 400 in a pipelined processor in accordance
with an embodiment of the. invention is illustrated in FIGS. 7B and 7C. In FIGS. 7B

and 7C, operations in pipeline stages 1, 2, 3, 4, 5, n-k are shown from left to right, and
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time advances from top to bottom. As illustrated in FIG. 7A, the loop instruction at
address PCI1 is a target of a previous branch instruction. Referring to FIG. 7B, during
clock cycle 410, instruction fetching is redirected to BTB address PC1 in stage 2.
During clock cycle 412, the BTB 110 is indexed with address PC1 in stage 3. Since
this is the first execution of the loop instruction, a miss occurs in the BTB in stage 4
during clock cycle 414, and the fetch address is the next sequential address. During
clock cycle 416, address PC1 is written in the FIFO 74 in stage S and the BTB is
disabled. Several cycles later, during clock cycle 420 the branch resolution unit 32
(stage n-k) determines a branch misprediction, thus incurring the misprediction
penalty.

During clock cycle 422, the BTB is updated with the target address from the
branch resolution unit, the prediction bits in BTB 110 are updated, FIFO 74 is flushed
and instruction fetching is redirected to BTB address PCI in stage 2. During clock
cycle 424, the BTB is indexed with address PC1 in stage 3. During clock cycle 426, a
hit occurs in the BTB, and the next fetch address is the target address from the BTB in
stage 4. During clock cycle 428, address PC1 is written in FIFO 74 in stage 5.
Several cycles later during clock cycle 430, branch resolution unit 32 (stage n-k)
determines that the branch was predicted correctly.

During clock cycle 432, the prediction bits in BTB 110 are updated, a FIFO
pointer is shifted by one entry and instruction fetching is redirected to BTB address
PC1 in stage 2. During clock cycle 434, the BTB is indexed with address PC1 in
stage 3. During clock cycle 436, a hit occurs in the BTB and the next fetch address is
the target address (PC1) from the BTB in stage 4. During clock cycle 438, address
PC1 is written in FIFO 74 in stage 5. Several cycles later during clock cycle 440,
branch resolution unit 32 (stage n-k) determines that the branch was predicted
correctly. The loop thus continues for a number of iterations.

The final iterations of the loop in program segment 400 are shown in FIG. 7C.
During clock cycle 450, the prediction bits in BTB 110 are updated, the FIFO pointer
is shifted by one entry and instruction fetching is redirected to BTB address PC1 in
stage 2. During clock cycle 452, the BTB is indexed with address PC1 in stage 3.
During clock cycle 454, a hit occurs in the BTB and the next fetch address is the
target address (PC1) from the BTB in stage 4. During clock cycle 456, address PC1 is
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written in FIFO 74 in stage 5. Several cycles later during clock cycle 460, branch
resolution unit 32 (stage n-a) determines a branch misprediction on exiting the loop,
thus occurring the misprediction penaity.

During clock cycle 462, the prediction bits in BTB 110 are updated, the FIFO
74 is flushed and instruction fetching is redirected to BTB address PC1 in stage 2.
During clock cycle 464, the BTB is indexed with address PC6 in stage 3. During
clock cycle 466, a hit occurs in the BTB and the next fetch address is the next
sequential address (PC6) in stage 4. During clock cycle 468, address PC6 is written
in FIFO 74 in stage 5. During clock cycle 470, branch resolution occurs in stage n-k.

A simplified flow diagram of instruction fetching utilizing the branch target
buffer in accordance with an embodiment of the invention is shown in FIG. 8. In step
500, a target of a previous branch instruction is fetched by redirecting instruction
fetching to the branch target buffer. The target address is supplied to the tag array of
the BTB. If a BTB hit does not occur in step 502, the fetch address, FA, is
incremented by 8 bytes in step 504 and the process waits for branch commit (branch
resolution). Upon branch resolution, a new entry is made in the BTB in step S04. Ifa
BTB hit occurs in step 502, the corresponding data entry is read from the BTB in step
510 and the data entry is written to FIFO 74 (FIG. 5). In step 512 the prediction bits
in the data entry are used to determine if the branch is taken or not taken.

If the branch is taken, a determination is made in step 514 as to whether the
difference between the fetch address and the offset value is less than 8 bytes. If the
difference is not less than 8 bytes, the fetch address, FA, is incremented by 8 bytes in
step 516 and instruction fetching proceeds with the incremented fetch address. The
process then returns to step 514. If the difference between the fetch address and the
offset value is less than 8 bytes, instruction fetching is redirected to the taken branch
target address in step 520. The process then returns to step 502.

If a determination is made in step 512 that the branch is not taken, a
determination is made in step 530 as to whether the difference between the fetch
address and the offset value is less than 8 bytes. If the difference is not less than §
bytes, the fetch address, FA, is incremented by 8 bytes in step 532 and instruction
fetching proceeds with the incremented fetch address. The process then returns to

step 530. If a determination is made in step 530 that the difference between the fetch
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address and the offset value is less than 8 bytes, instruction fetching is redirected to
the next sequential address (NSA) in step 540. The process then returns to step 502.

Steps 514 and 530 correspond to the block size calculation performed by block
size calculation unit 240 shown in FIGS. 5 and 6 and described above. As is apparent
from FIG. 8, instruction fetching is redirected to the branch target buffer only when
branch instructions occur in the program being executed, as determined by the block
size calculation unit. Power saving is thereby realized in comparison with prior art
branch caches which are accessed every cycle.

Having thus described several aspects of at least one embodiment of this
invention, it is to be appreciated various alterations, modifications, and improvements
will readily occur to those skilled in the art. Such alterations, modifications, and
improvements are intended to be part of this disclosure, and are intended to be within
the spirit and scope of the invention. Accordingly, the foregoing description and
drawings are by way of example only.

What is claimed is:
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CLAIMS

l. A method for branch prediction in a digital processor, comprising:

providing a branch target buffer having a tag array and a data array, wherein
each entry in the tag array provides an index to a corresponding entry in the data
array;

storing in a selected entry in the tag array information representative of a
branch target of a current branch instruction;

storing in a corresponding entry in the data array information representative of
a branch target of a next branch instruction; and

providing the information representative of the branch target of the next

branch instruction in response to a match to an entry in the tag array.

2. A method as defined in claim 1, wherein storing information
representative of a branch target of a current branch instruction comprises storing a
taken branch target address of the current branch instruction in the case of a taken

branch.

3. A method as defined in claim 1, wherein storing information
representative of a branch target of a current branch instruction comprises storing an
address of a next sequential instruction following the current branch instruction in the

case of a not taken branch.

4. A method as defined in claim 1, wherein storing information
representative of a branch target of a next branch instruction comprises storing a taken

branch target address of the next branch instruction and an offset value.

5. A method as defined in claim 4, wherein the offset value represents an

address of a next sequential instruction following the next branch instruction.

6. A method as defined in claim 5, further comprising performing a block
size calculation by subtracting the offset value from a current fetch address and

redirecting instruction fetching to the branch target buffer when the difference



10

15

20

25

30

WO 2004/086219 PCT/US2004/008438

-17-

between the offset value and the current fetch address is less than a predetermined

value.

7. A method as defined in claim 6, wherein the predetermined value

represents the length of a fetch buffer.

8. A method as defined in claim 1, wherein storing information
representative of a branch target of a next branch instruction further comprises storing

prediction information corresponding to the next branch instruction.

9. A method as defined in claim 8, wherein storing information
representative of a branch target of a next branch instruction further comprises
updating the prediction information following execution of the next branch

instruction.

10. A method as defined in claim 8, further comprising selecting a taken
branch target address of the next branch instruction or a next sequential address in

response to the prediction information.

11. A method as defined in claim 1, wherein providing the information
representative of the branch target of the next branch instruction comprises
determining when the next branch instruction is to be executed in response to the

information representative of the branch target of the next branch instruction.

12. A method as defined in claim 1, further comprising storing the
information representative of the branch target of the next branch instruction in a

buffer for use upon branch resolution of the current branch instruction.

13. A method as defined in claim 1, wherein storing information
representative of a branch target of a next branch instruction comprises storing a taken
branch target address of the next branch instruction and a not taken branch target

address of the next branch instruction.
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14. A method for predicting branches in a program executed on a digital
processor, comprising:

providing a branch target buffer having a tag array and a data array, wherein
each entry in the tag array provides an index to a corresponding entry in the data
array;

storing in a selected entry in the tag array information relating to a branch
target of a current branch instruction;

storing in a corresponding entry in the data array a taken branch target address
of a next branch instruction and a not taken branch target address of the next branch
instruction; and

accessing the data array in response to a match to an entry in the tag array.

15. A method as defined in claim 14, further comprising storing in the
corresponding entry in the data array prediction information corresponding to the next

branch instruction.

16. A method as defined in claim 14, wherein the not taken branch target
address of the next branch instruction comprises an offset value which represents an

address of a next sequential instruction following the next branch instruction.

17.  Apparatus for predicting branches in a program executed on a digital
processor, comprising:

a branch target buffer having a tag array and a data array, wherein each entry
in the tag array provides an index to a corresponding entry in the data array;

means for storing in a selected entry in the tag array information representative
of a branch target of a current branch instruction;,

means for storing in a corresponding entry in the data array information
representative of a branch target of a next branch instruction; and

means for providing from the branch target buffer the information
representative of the branch target of the next branch instruction in response to a

match to an entry in the tag array.
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18. Apparatus as defined in claim 17, wherein said means for storing
information representative of a branch target of a current branch instruction comprises
means for storing a taken branch target address of the current branch instruction in the

case of a taken branch.

19.  Apparatus as defined in claim 17, wherein said means for storing
information representative of a branch target of a current branch instruction comprises
means for storing an address of a next sequential instruction following the current

branch instruction in the case of a not taken branch.

20.  Apparatus as defined in claim 17, wherein said means for storing
information representative of a branch target of a next branch instruction comprises
means for storing a taken branch target address of the next branch instruction and an

offset value.

21. Apparatus as defined in claim 20, wherein the offset value represents

an address of a next sequential instruction following the next branch instruction.

22.  Apparatus as defined in claim 17, wherein said means for storing
information representative of a branch target of a next branch instruction comprises
means for storing a taken branch target address of the next branch instruction and a

not taken branch target address of the next branch instruction.

23.  Apparatus as defined in claim 21, further comprising a block size
calculation unit for subtracting the offset value from a current fetch address and for
redirecting instruction fetching to the branch target buffer when the difference
between the offset value and the current fetch address is less than a predetermined

value.

24.  Apparatus as defined in claim 23, wherein the predetermined value

represents the length of a fetch buffer.
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"~ 25.  Apparatus as defined in claim 24, wherein the block size calculation
unit comprises a subtractor for subtracting the offset value from the current fetch
address and a comparator for redirecting instruction fetching to the branch target
buffer when the difference between the offset value and the current fetch address is

less than the predetermined value.

26.  Apparatus as defined in claim 17, wherein said means for storing
information representative of a branch target of a next branch instruction comprises

means for storing prediction information corresponding to the next branch instruction.

27.  Apparatus as defined in claim 26, wherein said means for storing
information representative of a branch target of a next branch instruction further
comprises means for updating the prediction information following execution of the

next branch instruction.

28.  Apparatus as defined in claim 26, further comprising means for
selecting a taken branch target address of the next branch instruction or a next

sequential address in response to the prediction information.

29.  Apparatus as defined in claim 17, further comprising a buffer for
storing the information representative of the branch target of the next branch

instruction for use upon branch resolution of the current branch instruction.

30.  Apparatus for predicting branches in a program executed on a digital
processor, comprising:

a branch target buffer having a tag array and a data array, wherein each entry
in the tag array provides an index to a corresponding entry in the data array, wherein a
selected entry in the tag array stores information representative a branch target of a
current branch instruction and a corresponding entry in the data array stores a taken

branch target address of a next branch instruction, a not taken branch target address of
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the next branch instruction and prediction information corresponding to the next
branch instruction;

an address selector for selecting the taken branch target address or the not
taken branch target address in response to the prediction information; and

a block size calculation unit for redirecting instruction fetching to the branch
target buffer when the difference between the not taken branch target address and the

current fetch address is less than a predetermined value.

31.  Apparatus as defined in claim 30, wherein the not taken branch target
address comprises an address of a next sequential instruction following the next

branch instruction.

32.  Apparatus as defined in claim 30, wherein the block size calculation
unit comprises a subtractor for subtracting the not taken branch target address from
the current fetch address and a comparator for redirecting instruction fetching to the
branch target buffer when the difference between the not taken branch target address

and the current fetch address is less than the predetermined value.

33.  Apparatus as defined in claim 30, further comprising a buffer for
storing information representative of the branch target of the next branch instruction

for use upon branch resolution of the current branch instruction.



PCT/US2004/008438

WO 2004/086219

1/10

l'914d

,\NM

utyg)
uoynjosay youeiq)
ap) wayshg

U] TORNISXyg

s o1

1TU() 9I0}§/peo]

) spoosg

A

N goRg

Coe

t

L

>¢oZmE

1 &4

3

r-44

C

oc

L,




WO 2004/086219

2/10

PCT/US2004/008438

FRom BRANCH

y

40~ PC REDIRECTION

RESeiVTIeN UNMIT

50 ) s y [- 4 i
Branch * Instruction
Predictor Cache
y
Instruction L~ 44
Queue
20 —¥
Alignment 4¢
Unit
Instruction
22~ Decode

Fla 2



Fifo Address

WO 2004/086219 PCT/US2004/008438
3/10
‘40 ~4 PC Redirection
62 5 72
“) ) g )
Predictor 1 | | Predictor 2 = Return
' —_— B Stack
ke Q
s =]
N
o 2|
50 H 70
A 4 Y /
¢4~ Predictor .| Target Selection and
: - Selector "| Next Target Generation
74-) - 5
Predicted I 2
-~
8
5]
; 23

<

i

Redirection from branch resolution Unit

FlG,3



PCT/US2004/008438

WO 2004/086219

4/10

$SIpPY bag<-6zusTy

Ve 914

LT ﬁ,

91+D
d 01 pouel1g<-gznsuy 81D - 50/
L78su] bz+a=)d
PLSNT daay- -
I3 g <, Jouerq uayey,
‘15pPY 133re]) O [Sul 10N, ST 9[+¢ I8 Isu]
0} YoueIg<-97 [su] o1+d | -
ST psuy 8+ “~70;
vC KU d
WLSNT 2aqy
. ssaxppe bog<-¢nsuy. - TE+V
QOURIg UEL, € ST pT+Y I8 ISUf —— umm.ﬂhmﬁmﬁm@w MM
< YZ+V
. € sy 91+V
T [su] - 8+V
1 sty v
dday ‘

oo/



PCT/US2004/008438

WO 2004/086219

510

@t ‘914

(313
I umoys ,
USYEL | Teuonmpuoy 628sY] JO Ippy 100) @ o) )\$~\.
UYe] JoN | Teuonipuoy) LT1sT] 30 Ippy q q ~—22¢
el | fenonpuoy) s J0 Ippy q v S
ST . . SSSIPPY | SSaIpPY | 527,
27
aonarpaly | odAy gouelg I9sHQ | 38re], AR 7/ NM,\\MJ
Avadvy vivg AVIYY Sy L
0l \ fv 7 AN:



PCT/US2004/008438

WO 2004/086219

6/10

W:WNL

—
| wegwmmuyy
. mogyro | v 94
roll 43539 28
] .
P ®pPY - >
»> S A] . . uonejnoE)
Nw ) IR St
981 C
ol ‘ 3 74
o - 0b!
> »pv
Kerry e
1 J0321pa1g > >
21 «mz! BpV YT pRIPAY
»” g U.muﬂu-hobvv g i
keury erq > > -
5 1 J010tparg > —> T4
3 3
< z81 £
N r~ 3]q= A10)sTY Youelg IJS wopasd rpoung M
o5/ 29/ ToppAg ﬁv » —
A SRR . i
» - m o .
: _Kexre gonsopss v et ag RS o]
09! oppeig | 4 Corz B
ZEOVIS. pp— i - yaEDVIS H
4 — > - O%q o - . .
t¥nrol

bL



PCT/US2004/008438

WO 2004/086219

7/10

7914
8.8 Wouy
JHg woud -
3- 4L v \o ot¢
[(Cioseompvaigpe (1:1€) ssaippy yebie] s \oNh
ose {V'9) cseappy 1eBuabeST(Lrie) sappy ogoambeg] » 7% s
—_ - (2} 4
r .
L 1efeL ey | Wi /€y
_ - | (1:9)1es0] (Moiem - 1) 3esjo]
! ’ I, 818 woayy ‘ KX .
J 1 kL e
. 03¢ 0‘ £ _.. Jl:. 1£) SSaJppY ipje4 ucgg
L - Aoom

- = = -4
o.v)m\v



WO 2004/086219

PCT/US2004/008438

8/10

PC1 - target from
previous branch
ﬂ instruction / 4'00
PC 1 . “I.;O opn
PC2 Inst
PC3 Inst
FCa Inst FlG, 7R
PC5 Branch to “Loop”
PC6(NSA) . Inst -
i Stagel  Stage3 Staged Stage d Stage § Stage o-k
4_ ) 0 —> PC redirection i
. Todex ?
412 ~>» per e
*Mist in BTB
¢ Feteh
e Adi NSA
4 . ;;l.gu PCl tn
16— *Disable BTB
Branch
. mh“orﬁmcﬁ
© N
F20— e
misprediction
penalty)
*update BTB with
the arget fom
4 ?w redicto
\ (3 14
, 22 9 *Flush P?PO
' PC rediroction
. with oew PCw
PCI
s ‘ H
42 4. - Pn&u BTB with
**Hit In BTB
*Next (etch
42( v addre= target addr
{frm BTB(PCI) ’
_ Witz PC1 In
427~ 0
Bainch
Resolution(
4’ 50 Branch Predicted
coerectly)
*pdate prediotor v
Schift FIFO
4 polnter by ans
J2—> ?P'gmumdn
) with new PC=
PCI
Index i
4 j 4 - ror BTB with
*Hit b‘B'l"?
*Next (eto
43 6> tddr(um eddr
from BTB(PC))
' Write PC) in
435 PIFQ
eruhﬁm;@ ch
- 440> Predicied
' . - eoereetly)

CFl16, 78 |



WO 2004/086219 PCT/US2004/008438
9/10

STAGE 2 STAGE3  STAGE4  STAGES  STAGE n-k

After ‘n’ jterations of the loop

*updats predictoy
*shift FIFO
450 Popar by ans
enl
N 9PC redireotion
with new PC »
45 -
Index BTB with
2 ~—» o rl wi
4 —» . :su ianTB
. ext fetch
54 . addr= PC)
*Writa PCI in
455 — _ o
' Branch resoluti 4
460 —» (rnhpm'!ei:do\:\u::
exiting the loop)
“update prod] ‘
44 2 mnh FIFO
*PC redirection
. with now
, PO=RCI
Index BTB with :
A6 Tndex BTE wic
Hiin BTB
466> *Next fotch addr
. ~ NSA(PC6)
44 e T WEmFCER
4 70..’-7 Branch resolution

Fla, 7C



PCT/US2004/008438

WO 2004/086219
10/10
00
o0
- | Target from Previous
] Branch -
504
)
FA=FA+8
N Wait for Branch
commit. Make a
new entry in the
BTB.
5/0) 8.
Read from BTB .Push
into FIFO of targets.,
512
N
FA=FA+8

| Redirect
target to
BTB

|

530
Offset

<R

5‘?‘0)

Redirect
NSA* to

]

FiG. §

532)

FA=FA+8




	Abstract
	Bibliographic
	Description
	Claims
	Drawings

