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A major hurdle of recent x86 superscalar processor designsis limited instruction is-
sue rate due to the overly complex x86 instruction formats. To alleviate this problem,
the machine states must be preserved and the instruction address routing paths must be
simplified. We propose an instruction address queue, whose queue size has been esti-
mated to handle saving of instruction addresses with three operations: allocation, access,
and retirement. The instruction address queue will supply the stored instruction ad-
dresses as data for three mechanisms: changing instruction flow, updating BTB, and
handling exceptions. It can also be used for internal snooping to solve self-modified
code problems. Two CISC hazards in the x86 architectures, the variable instruction
length and the complex addressing mode, have been considered in this design. Instead
of the simple full associative storing method in lower degree (< 4) superscalar systems,
the line-offset method is used in this address queue. Thiswill reduce by 1/3 the storage
space for a degree-5 superscalar x86 processor with even smaller access latency. We
use synthesis tools to analyze the design, and show that it produces optimized results.
Because the address queue design can keep two different line addresses in an instruction
access per cycle, this method can be extended for designing a multiple instruction block
issue system, such as the trace processor.

Keywords: address queue, ILP, superscalar processor, x86 architecture, multiple instruc-
tion issue

1. INTRODUCTION

In a superscalar microprocessor the instruction fetcher must provide multiple in-
structions to the decoders on each clock cycle. However, in the x86 architecture the
variable instruction lengths and complex addressing system make fetching multiple in-
structions per cycle difficult [1]. In order to overcome these performance barriers, in-
struction predecoding is employed to help identify multiple instructions and assign du-
plicated instructions to decoders, as can be seen in Intel Pentium Pro [9], AMD K5 [7],
K6 [6] and K7 [5] superscalar processors. Yet another difficulty is how to preserve
in-order machine states. In von Neumann machines the program counter and memory
contents define the machine states. Keeping the current instruction address until the
instruction retiresis necessary for such processors.

Instruction addresses are sometimes needed as the one of operands. Basically, the
instruction addresses are so used in cases of
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1. Change of instruction flow: Upon change of instruction flow, the instruction address
is needed for calculating a new program counter value. For example, when a
branch with relative addressing is executed or a branch misprediction is detected, the
branch instruction’s address is needed for generating the next fetch address.

2. Update of BTB: Whenever the Branch Unit executes a branch instruction, it must in
the meantime update the BTB with the branch instruction address so that later
branches may be predicted with higher accuracy [4].

3. Exception: When an interrupt or exception occurs, a corresponding Interrupt Service
Routine (ISR) will be invoked. Upon completion of the ISR, the excepted instruc-
tion’s address is needed for resuming normal execution [3].

While instruction addresses may be needed by any instruction, carrying the instruc-
tion address with the instruction itself through the pipeline is not a very good idea, since
it will increase the routing complexity, and hence requires more silicon area.  In a 32-hit
n-issue superscalar microprocessor carrying the instruction address with the instruction
requires an additional bus of 32*n bitswide. For example, if the superscalar degreeis 4,
the additional hardware cost is a 4*32-bit bus. And, unlike the operands, the instruction
addresses are seldom used.  So, when the superscalar degree is increased, reducing this
hardware cost becomes important. On the other hand, we can store the instruction ad-
dresses in the instruction fetcher, which is at the front end of the pipeline, and when an
address is needed, the functional units can acquire it from the instruction fetcher by a
separate bus. With this design, the routing complexity can be greatly reduced. More-
over, because the x86 architecture allows self-modifying code [3], the addresses of the
instructions in the pipeline must be checked when a write-to-memory operation occurs
[4]. This can enhance the performance of a one-segment OS, such as OS2, whose in-
struction codes and data are stored in the same segment [4].

In RISC superscalar architectures instruction addresses can be easily expressed with
an index of the instruction within the cache line [1] if the cache-line address is known.
But in the x86 superscalar architectures, because of variable-length instructions, split-line
problems and the complex addressing system, instructions handled in the same clock cy-
cle may have different cache line addresses and lengths.  Therefore, proper maintenance
of the instruction addresses is an important task for high issue rate x86 processors. In
this paper we propose such a design, called the Address Queue, for x86 superscalar proc-
essors. Thisdesign is used to store instruction addresses in the fetcher and to reduce the
routing complexity for propagating instruction addresses in the pipeline.

2. BASIC DESIGN PHILOSOPHIES OF THE X86 ADDRESS QUEUE

One noticeable feature of the x86 architecture is that it allows self-modified code.
The instructions that are buffered in the processor may have been modified in memory
and, hence, be incorrectly executed. In order to solve memory accesses must be
snooped to check if there are any write-to-memory operations that modify the code being
buffered within the processor. Instruction addresses are also the information to be
snooped and checked against.

In a 32-bit microprocessor, the address of an instruction is 32 bits wide. Carrying the
address of an instruction together with the instruction itself increases routing complexity.
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However, during program execution, the majority of executed instructions do not use
their addresses. In addition in x86 microprocessors that employ the instruction translation
technique, an x86 instruction may be converted into several ROPs, and the instruction
address must be duplicated. This further deteriorates the problem.  On the other hand,
if instruction addresses are stored in a queue in the instruction fetcher, and only pointers
to the queue are propagated with the instructions, the routing complexity can be reduced
dramatically. Moreover, checking for self-modified code can simply be done in the
Address Queue by comparing addresses stored in the Address Queue against the snooped
write addresses. We use a queue to store the addresses because of its first-in-first-out
feature. In order to enable precise interrupt in an out-of-order execution microprocessor,
exceptions are handled just before the faulting instruction retires. Hence, the address
must not retire before its instruction retires. Since the instruction retirement is in-order,
the address retirement must be in-order, too. The FIFO property of a queue is appropri-
ate for the in-order retirement. Finally, checking for the self-modified code can be done
in the Address Queue by simply adding comparators in the Address Queue.

2.1 Address Space Problems With the x86 Ar chitecture

The address space of the x86 architecture is manipulated with the segmentation
mechanism. (The x86 architectures also implement the demand-paging mechanism,
which is optional. The segmentation mechanism, however, may not be disabled [3]).
This complicates the address storage problem. The address space before segmentation
is caled the “linear address space,” and the address space after segmentation is called the
“effective address space”. While the L1-cache is accessed with the linear address, the
internal program counter (EIP) is based on the effective address space. Therefore, the
fetcher must translate addresses between these two address spaces. This trandation is
performed by adding (or subtracting) the Segment base address to (or from) the EIP (or
the linear address). Theresult isthe linear address (or the EIP).  This process is shown
inFig. 1. AlsoshowninFig. 1isthe paging scheme.

Although the trandation for segmentation is not very complex, it may cause the start
points of the two address spaces to be unaligned with each other, as Fig. 2 shows. The
misalignment of two address spaces makes address storage more complex.

To reduce the space needed for address storage, severa instructions in the same
cache line can share the storage space of their line addresses. Only the offset of the in-
structions within the cache line must be stored separately. Ignoring processing of a
split-line instruction, all the instructions processed in current clock cycle have the same
cache-line address. And, if we process a split-line instruction, only the first instruction
processed (which may be a split-line instruction) may have a different cache-line address
while all other instructions processed in the current clock cycle have the same cache-line
address. This is not the case in the effective address space. Two instructions in the
same cache-line may be on different EIP lines. An example is shown in Fig. 2. In-
structions A and B both are on the cache line labeled “Linear Linei”, but instruction A is
on“EIPLinej,” whileinstructionBison“EIPLinej +1".

Thus, the calculation of EIP-line address must take this fact into consideration.  For
simplicity the two EIP lines corresponding to the instructions on the same cache line are
calledthe“EIPline 1" and “EIPline2”. If theinstruction’s offset (of the linear address)
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Fig. 2. Misalignment of linear and effective address spaces.

is less than the five LSBs of the CS Base, it must be on the “EIP line 1" in the effective
address space. Instruction A in Fig. 2 is such an example. Otherwise, if the instruc-
tion's offset (of the linear address) is greater than or equal to the five LSBs of the
CS Base, it must be on the “EIP-line 2" in effective address space. And, Instruction B
in Fig. 2 issuch an example.

2.2 Address Queue Behavior and Char acteristics

Before giving the detailed design of the Address Queue, we first describe the be-
havior and characteristics of the Address Queue. Although the addresses of instructions
enter and leave the Address Queue in the order they are fetched in (i.e. the origina pro-
gram order), they may be accessed randomly. Some of the addresses may never be ac-
cessed, while others may be accessed several times. For example, an ALU instruction that
does not cause an exception may never need its address, while a branch instruction that
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causes an exception may need it's address several times (when the target is calculated and
when the exception is handled). Therefore, the Address Queue must support not only the
basic first-in-first-out queue-style access. Four other operations on the Address Queue are
defined:

1

4.

Allocate: Allocate is the operation that en-queues the addresses from the instruction
fetcher into the Address Queue. For each queued address, the Address Queue re-
turns a pointer to the allocated queue entry. This pointer is passed to the succeed-
ing stages of the pipeline together with the instruction. Since severa instructions
may be fetched during at each clock cycle, the alocation control of the Address
Queue must be able to allocate several entries for the addresses in one clock-cycle.
Access. This operation reads the queued addresses from the Address Queue. The
functional units requesting the addresses must send pointers pointing to the entry.
Since different functional units may reguest instruction addresses at the same time,
the access control of the Address Queue must have one port for each candidate func-
tional unit. However, it is meaningless for a functional unit to access two instruc-
tion addresses in the same clock cycle. (The branch unit is limited to predict only
one branch in a clock cycle, and only the earliest exception should be handled in or-
der to maintain the precise interrupt). Thus, unlike the allocation and retirement
operations, the access ports output only one address each time they are accessed.
Retire: Retire is the operation that de-queues the addresses in the Address Queue.
The retire operation should take place in pace with the instruction’s retirement in the
reorder buffer. It isinitiated by a signal from the reorder buffer. Since several in-
structions may be retired each clock cycle, the retirement control of the Address
Queue must be able to retire several instruction addresses simultaneously.

Snoop: The Address Queue must compare the data write addresses against the ad-
dresses stored in it as described earlier.

Fig. 3 shows the operations with the related functional units.
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Fig. 3. Operations of the address queue.
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3. THE ADDRESS QUEUE STRUCTURE

In the x86 superscalar architecture many instructions are fetched in one cycle, and
their addresses will be saved to the Address Queue. To simplify the write-path control a
set buffer is used to store these addresses each clock cycle. Because instruction issue
rules limit the number of fetched instructions, often a fewer number than the maximum
permissible number of superscalar-degree instructions are fetched. Some buffer space is
wasted. For handling exceptions we must keep a strong sequentia relation among in-
struction addresses. Hence, address queue entry i + 1 must help store the address of the
succeeding instruction to entry i. However, allocating a variable number of entries
makes the allocation operation very complex. It must first decide the number of entries
to be allocated according to the results of the Information Maintenance unit. Then it
must route the addresses to the selected entries.  This requires a complex crossbar net-
work. Such a complex operation is time-consuming and may form a critical path in the
instruction execution pipe. For performance and cost tradeoffs, the Address Queue size
and organization are analyzed in the following sections.

3.1 Analysis of the Address Queue Size

All instructions must store their addresses in the Address Queue before their retire-
ment. When the Address Queue is full, the instruction fetcher must be stalled, otherwise
the forthcoming instructions would not be able to retrieve their addresses when needed.
As a result, the size of the Address Queue impacts the performance of the instruction
fetcher significantly. If it istoo small, it may frequently stall the instruction fetcher and
become a bottleneck. Therefore, the Address Queue size needs to be considered care-
fully. Two parameters are related to Address Queue size, the number of sets in the Ad-
dress Queue, and the number of entriesin each set. The number of entriesin each setis
equal to the maximum number of instructions the fetcher can handle plus one.

To prevent the Address Queue from becoming a performance bottleneck in the mi-
croprocessor, it must be large enough so that it seldomly stalls the instruction fetcher.
Since instruction addresses are stored when their corresponding instructions are fetched,
the Address Queue must be able to store any instruction addresses unless no fetch can be
issued from the instruction fetcher, i.e. when the reorder buffer is full, when reservation
stations are full, or when a serializing instruction is being execution. In a superscalar
environment, there is usually more than one instruction entering the reorder buffer each
clock cycle. Therefore, if the number of setsin the Address Queue is equal to the num-
ber of entries in the reorder buffer, the utilization will be very low. A more reasonable
design isneeded. The Address Queue size can be expressed by a function of these fac-
tors. The conceptual estimation function is:

ROBsize
Degxse X ROPavg
where

Qsz isthe size of Address Queue (in # of sets)
ROBg is the size of reorder buffer (in # of ROPS)

Qe = x(1— RSu )+ (F + D) (Ea. 1)
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Degygs is the average superscalar degree of x86 instructions

ROP,q is the average number of ROPs each x86 instruction corresponds to
RSsa istheratio of stall cycles caused by reservation station shortage

F isthe number of pipeline stages the instruction fetcher uses

D isthe number of pipeline stages the decoder uses

This function is expressed in three parts. The first part isin the first pair of paren-
theses, which is the reorder buffer size divided by the superscalar degree in number of
ROPs. The second part is in the second pair of parenthesis, which is the fraction of
clock cycles in which the reservation stations are available. The third part is the total
number of pipeline stages for instruction fetching and decoding.

The first part gives the average number of clock cycles needed for filling the reorder
buffer. Thisis the reasonable size for the Address Queue if only the reorder buffer is con-
sidered, because the reorder buffer will be full after this number of clock cyclesif no in-
structions in the reorder buffer are retired. The reorder buffer will not fetch any further
instructions and thus the Address Queue, full or not, will not cause a bottleneck. The sec-
ond part takes the reservation stations into consideration. The reason for thisis that in a
clock cycle, if the reservation stations are full while the reorder buffer is not, then one
stall cycleisincurred. If one-twentieth of the clock cycles are in this condition, then one-
twentieth of the accessed instruction set will not be used, and hence, can be eliminated.
Note that the RSy excludes stall cycles caused by reorder buffer full. The third part
represents the instructions currently in the instruction fetcher and decoders, which are not
yet logged in the reorder buffer. These instructios must still be considered separately.

The Deg,gs and POP,, of the SPEC95 benchmark suite in our design, whose super-
scalar degree is 5 instructions, are 2.68 and 1.39, respectively. The RSy is very small
such that the second term can be ignored. In our design both F and D equal 1. From
equation 1 the number of sets in the Address Queue should be [(reorder buffer size /
3.7252) + 2]. Let the reorder buffer size be 64. Then the first term equals 17.18, and
the resulting Address Queue set number is twenty.

3.2 Analysis of the Address Queue Organization

The organization of the Address Queueisshownin Fig. 4. It consists of two parts,
the controller and the storage.

The controller has three functions, allocation selection, queue status, and retirement
selection.  Furthermore, it supports access control for other units with the queue pointer.
The alocation selection function is invoked by an instruction address store request, and
returns the queue pointer to each request. The queue status function maintains the age
records of the allocated sets for the set retirement reference, and checks if the queue is
full. The retirement selection function keeps the retirement order of sets. If a pointer is
sent in for the retirement request, the older sets must be retired.

The storage stores EIP and the PC, and is divided into several sets. Each set can
handle the storage of the instructions in one superscalar instruction fetching, and the
number of sets can be evaluated by Eq. 1.
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Fig. 4. Organization of the address queue.

4. X86 ADDRESS QUEUE IMPLEMENTATION

The basic design philosophy of the Address Queue is described in the previous sec-
tions. This section gives the implementation details of the x86 Address Queue with the
six-address buffer set. The whole structure of the Address Queue implementation is
shown in Fig. 5.  We first introduce the Address Queue Controller. Then we give two
implementations of the Address Queue storage.
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Fig. 5. Address queue implementation.
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Assume an x86 superscalar degree of 5, and that the reorder-buffer has 64 entries,
each of which can hold one ROP. From the discussion in previous section, there should
be twenty sets of storage spaces in the Address Queue. Since at most five instructions
are fetched on each clock cycle, each set contains six effective address entries and six
linear address entries.  Aslong as the instruction fetcher is not in stall state, a set will be
used in each clock cycle.

Both the reorder buffer and the branch unit will access the Address Queue, and they
will not communicate with each other before accessing the Address Queue. In order to
avoid conflicts there are two independent output ports for the two units. Each port con-
tains one 32-hit effective address output and one 32-hbit linear address output.

4.1 Address Queue Controller

For each instruction fetched by the fetcher, both the linear address and the effective
address must be stored in the Address Queue.  Since the two addresses of the same in-
struction are always manipulated (en-queued or de-queued) at the same time, a common
controller is adequate. Therefore, the Address Queue Controller, shown in Fig. 6, con-
trols the effective address storage and linear address storage simultaneously. Its opera-
tions are described as follows:
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stall
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Fig. 6. Address queue controller.

1. Allocation: As described previously, when the instruction fetcher is not in the stall
state, on each clock cycle one set of storage addresses is used. A 20-bit
shift-register containing a single “1” and nineteen “0"s is used to indicate which set
is to store addresses in current clock cycle. The 20-bit shift register corresponds to
the twenty sets of Address Queue storage. This shift-register is initialized to
“0....01", meaning the first set is chosen. Each clock cycle, as long as the instruc-
tion fetcher is not in the stall state, the shift register rotates its content left one bit to
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choose the next set. The output of the shift register is denoted Set Selection;.
However, the chosen set may already be in use (i.e., the queue isfull), and we need a
mechanism to indicate the status of the storage sets. This mechanism is called a Set
Controller. There are twenty Set Controllers, each corresponding to one set. The
structure of a Set Controller isshown in Fig. 7.
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Fig. 7. Set controller for Set;.

An RS flip-flop in the Set Controller stores the valid bit of the corresponding set
and is set by the Set Selection; signal.  The mechanism deactivating the valid bit is
described in the retirement part. he valid bit is used to check if the Address Queue
isfull. When Set Selection; is activated and the set is not in use (i.e, the latched
valid bit is cleared), the Set ENABLE; signal is activated to enable the latches in the
corresponding set to store theinput data.  Otherwise, the Queue_Full; is activated to
set a stall condition. There is a D flip-flop that latches the valid bit. The latched
valid bit is used instead of the output of the RS flip-flop to avoid a race condition
between the Set_Selection; and the Set ENABLE; per Queue_Full; signals.

Access:. Either the branch unit or the reorder buffer or both may access the Address
Queue. Therefore, there are independent ports for them.  The Access operation is
much simpler than the Allocation and Retirement operations. The branch unit or
the reorder buffer sends an Address Queue pointer pointing to the address it wants to
access to the instruction fetcher.  This pointer is sent to a 7-to-128 decoder to gen-
erate an enabling signal for the output latch of the corresponding entry in the Ad-
dress Queue storage.  The output latch is connected to the access port that sends the
address to the branch unit or reorder buffer.

Retirement: Retiring addresses from the Address Queue are managed by the Retire
Set Selector and the Set Controllers. The Retire Set Selector is a 7-t0-128 decoder
with outputs ORed to form 20 outputs, called the EN; signals. It aso generates a
CMP_EN signal to signify a retirement. The structure of the Retire Set Selector is
shown in Fig. 8.
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There is an age counter in the Set Controller that increments as long as the valid bit
is set and the instruction fetcher is not in the stall state.  The count is the age of the in-
struction addresses (how many cycles they have been in the Address Queue) in the cor-
responding set. The age is aso latched to avoid a race condition. As instructions are
retired from the reorder buffer, the reorder buffer sends the address queue index of the
last retired instruction and a retirement request signal (the RabEipPtr and RabEipReq
respectively) to the instruction fetcher. The address queue index is given to the instruc-
tions when entries of Address Queue are allocated for them. This index will be sent to
Retire Set Selector to generate the CMP_EN and EN; signals. Asthe EN; signal arrives
in Set Controller;, the Set Controller; will output the content of its age latch to the
AC Bus. All Set Controllers will compare the coming data from AC_BUS against the
content of its own age latch when the CMP_EN signal is activated. If a Set Controller
finds that its age is greater, meaning the corresponding instruction is before the one being
retired in the original program flow, its valid bit is cleared and this set becomes free.
The comparison reguires “larger than” rather than “larger than or equal to” because even
if an instruction in a set is retired, a succeeding instruction in the same set may not be
retired yet.

4.2 X86 Address Storage Schemes

In this section we give two x86 address storage schemes, Scheme 1 (original) and
Scheme 2 (optimized). Scheme 1, storage organization is as simple as a full associative
storage. There are twenty sets in the address queue. Each set can store six effective
address and linear address pairs. The storage cells are numbered from 0 to 119. Set; is
composed of Cellg to Cellgss. The structure of the Address Storage Scheme 1 is shown
inFig. 9.
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Fig. 9. Address storage scheme 1.

in Cellg to Cellgiix.1, and the next sequentially fetch address is stored in Céll g.iy.

Since there may be fewer than five instructions fetched on each clock cycle, some
instruction cells may not contain valid addresses. Therefore, four multiplexers are used
to select valid addresses that should be stored into the Address Queue. The four multi-
plexers are controlled by the fetcher, which indicates where the last delivered instruction
For a self-modified code check, the stored linear addresses are
compared with the snooped data write addresses. The set organization and the Cell are

isin this clock cycle.

shown in Figs. 10 and 11, respectively.

EIP_Offset4
PC4

Match g7z

[T

EIP_Offset5
PC!

5
Match 57

EIP_Offset6

PC6
Match 55

Set_Enable ;
EIP1
E‘CF\LZ r— [ Z I I % "2
— LTI PC*2
EIP_Offsetl Cell1 ,/
PC1 y// QueuePtrl
Match g I 77 y
e
EIP_Offset2 T calz 111/
PC2 /, QueuePtr2
Match g7 — /)
2
- -
EIP_Offset3 Cel3
PC3 QueuePtr3
Match g
|

QueuePtr4

QueuePtr5

Fig. 10. Set organization of address storage scheme 1.
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Set_Enabl ’\L
Index [7) | > QueuePtr_Out [7]
BU_Match;
EIP_Offset [6]
EIP_BU [32]
EIP1[27]
EIP2 [27]
enable
PC {32-bs Tatch | PC_BU [32]
1 H
SMC Address cmP SMC_Exception
RAB_Match; H
—‘g—:nzlpjms [32]

—‘§—3> PC_RAB [32]

Fig. 11. Storage cell of address storage scheme 1.

Address Storage Scheme 1 is simple and easy to implement. However, it wastes a
lot of storage space. As described earlier, because we do not implement split-fetching
operations, the instructions we fetched in each clock cycle may come from at most two
different cache lines. Therefore, the addresses may have 27 bits in common. As a
results the common line addresses need be stored only once. Only the offsets of the
instructions within a cache line need to be stored separately. And, to reduce the space
the EIP addresses can aso be stored using the “EIP-line” concepts as previous described.
Therefore, a storage optimized address storage scheme, Scheme 2, is proposed. Its
structure is shown in Fig. 12.

E1p Offset Cello [6] EIP_Offsetl-6 QueugPtr1-5 [7]
NEP Offs 1M >
:| Inscello 0 B l—» —
: : s
: >
—
1
¢ | insceint : é ——»eP (32
: 120 EIPIPC Storage Cells |H——3-pc [32]
: —[E or d as 20 Set (0RA)
H PC_Offset1-6 (Organized as 20 Sets)
H ——»EIP[32]
: - g —
| Insceli2 i PC[32]
oA | (to BTB)
.-B/‘\T
: o
| mscelis HIY]
10J
40 40
27P27N\ - outputs 27 J27N " outputs
;| mscena ﬁ 20 20
27-bits latch 27-bits latch
Next Uinear Ofset
Set_Enable [20] T T
Last321 RabMatch [120] EIP1 PC1 PC2
BuMatch [120] Set_Enable [20] (rom Fetch Controller)  (from Instructon Cell 011)

Fig. 12. Address storage scheme 2.

In this scheme the set organization remains the same. Comparing it to Scheme 1,
in each set there are four separate 27-bit latches to store the effective and linear line ad-
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dresses, while only the offsets are stored in the Address Queue Cell.

However, the split-line instructions once again complicate the problem. As Fig. 2
shows, instructions in the same cache line may be in different EIP lines. Therefore,
when a split-line instruction is entirely fetched, its EIP-line address may be neither the
“EIP1" nor the “EIP2" address calculated. For example, if the split-line instruction isin
the Linear Line i-1 in linear address space and in EIP-line j-1 in effective address space
of Fig. 2, when it is entirely fetched, the EIP1 is EIP-linej and the EIP2 isEIP-linej + 1.
In this case the EIP-line j-1 addressislost! To solve this problem, note that the EIP-line
j-1 has already been stored in the Address Queue as the EIP1 in the previous clock cycle.
Therefore, we can retrieve it from the previous set. With this solution only a local
27-hit bus, but no additional storage, is needed. Thus, the first storage cell is different
from other storage cells in each set. The self-modified code problem is handled in the
same way as in Scheme 1. The set organization, the basic storage Cell, and the first
storage Cell of each set are shown in Figs. 13, 14 and 15, respectively.
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IRl I [~ 57-bits latch with enable_|}————————
| *— EIP %2
EIR2 ; :
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g |
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clk
EIP_Offsetl. | > QueuePtr2
: -
' _—| H—
EIP_Offsets > QueuePtr3
-
| o
PC_Offsetl
: > QueuePtr4
: -
]
PC_Offset6
Match pu » QueuePtrs
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BU_Match 7

L
EIP_Offset [6] R % l
L@Di“ > BU[32]
B
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i PC_BU [32]
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SMC Address CMP —» SMC_Exception
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Fig. 14. Storage cell of address storage scheme 2.
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Fig. 15. First storage cell of each set in address storage scheme 2.

5.CIRCUIT SYNTHESIS

In this section we emphasize the gate count comparison when discussing the Ad-
dress Queue synthesis results. The goal of using Address Queue is to reduce the com-
plexity of the microprocessors. Aslong as the Address Queue is not on the critical path,
its delay is not critical to the microprocessor performance.  On the other hand, the gate
count should be reduced as much as possible so that the Address Queue is cost effective.

We use the Synopsys synthesizer version 3.4b to synthesize the Address Queue, and
the COMPASS 0.6-micron library version 2.31 for the synthesis. Both the structuring
and flattening optimization are turned on to optimize the circuits, and the mapping effort
isset to high. The Address Queue synthesis results are given below in Fig. 16.

Controller Storage Scheme 1 Storage Scheme 2
Alloc./ Retire|  Access Each Set | Other Parts | Each Set | Other Parts
Gate Count 4679 313 7371 842 5101 655
total (20 sets) 5305 148262 102675
Delay 679 | 134 099 | 03 112 | 03

Fig. 16. Address queue synthesis resullt.

From Fig. 16 one can see that the Address Queue controller is very small compared
to the Address Storage (< 5%). On the other hand, the controller takes more time than
the address storage part. Hence, organizing the Address Queue storage as sets is the
optimized choice since it simplifies the controller and reduces its delay.

The two address storage scheme results show a great difference. Obvioudly,
Scheme 2 is much better than Schemel. The ratio of storage spaces needed for twenty
setsis 1: 0.69. Therefore, the silicon area needed for Scheme 2 is only about two-thirds
that for Scheme 1. Thisresult is predictable from the estimated number of bits stored in
each scheme. In Scheme 1 there are 32* 2*6 = 384 hits stored in each set and in Scheme 2
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thereareonly 7 + (6*5) + 5*6 + 27*4 = 175 bits stored. Theratio is 175/384 or 0.456.
Taking into account some other necessary components in the storage cells and routing
paths, the 0.69 ratios are very reasonable.

6. CONCLUSIONS

In this paper have proposed a mechanism called “Address Queue” to effectively
maintain the instruction addresses so that branches and exceptions can be handled more
efficiently. With this Address Queue, the instruction address handling in the x86 mi-
croprocessors can be done as easily asit isin RISC microprocessors.  Thisimprovement
has particular significance in designing a high degree x86 superscalar processor, since it
reduces the routing complexity and saves space for storing instruction pointers. For
properly handling the Address Queue, three operations are implemented. They are the
dlocation in set, the access by sequence and the retirement by aging. The Address
Queue size can be well estimated by its behavior. We have run simulations to evaluate
different design alternatives, and we have run synthesis to estimate the cost and per-
formance of these designs.

Crossing basic block boundaries to fetch instructions has been proven important in
ILP performance improvement [12]. The key ideas of our proposal, how to handle the
split-line instructions and the complex address space problems effectively, hint that the
group of instructions fetched by a high bandwidth superscalar fetcher, which may have
different cache line addresses, can be stored, accessed and retired in one cycle.

Recent studies have proposed the use of a trace cache to enhance ILP. The Ad-
dress Queue designed can be extended to handle machine states of trace-cache supported
architectures. With this help, atechnique for high bandwidth instruction fetching can be
achieved at a much lower cost.
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