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Abstract— As microprocessor technology continues to scale
into the nanometer regime, recent studies show that interconnect
delay will be a limiting factor for performance, and multiple
cycles will be necessary to communicate global signals across the
chip. Thus, longer interconnects need to be pipelined, and the
impact of the extra latency along wires needs to be considered
during early micro-architecture design exploration. In this paper,
we address this problem and make the following contributions:
(1) a floorplan-driven micro-architecture evaluation methodology
considering interconnect pipelining at a given target frequency
by selectively optimizing architecture level critical paths. (2)
use of micro-architecture performance sensitivity models to
weight micro-architectural critical paths during floorplanning
and optimize them for higher performance. (3) a methodology
to study the impact of frequency scaling on micro-architecture
performance with consideration of interconnect pipelining.

For a sample micro-architecture design space, we show that
considering interconnect pipelining can increase the estimated
performance against a no-wire-pipelining approach between 25%
to 45%. We also demonstrate the value of the methodology in
exploring the target frequency of the processor.

I. I NTRODUCTION AND MOTIVATION

The throughput of a microprocessor in BIPS orbillion
instructions per secondis given by

ThroughputBIPS =
IPC

cycle time
where IPC is the throughput ininstructions per cycle. It can be
seen that maximizing the BIPS requires optimizing both the
IPC and the cycle time. Traditionally, this is done by evaluating
the micro-architecture for a set of chosen target frequencies.
At each frequency, architects estimate the latency of the blocks
in the architecture and use this information to experimentally
study the IPC through architecture simulations. The micro-
architecture and the target frequency are chosen based on the
best BIPS estimated through simulations. The circuit designers
then work on the physical design of the processor to meet the
target frequency goals.

With the advent of deep sub-micron technology, it has be-
come a well-known fact that wire delay [1], [2], [3] contributes
significantly to overall system performance. As the actual
interconnect delay can only be derived from a physical layout
of the processor, early micro-architecture planning and opti-
mization without considering interconnect delay is no longer
a valid approach to optimizing the processor performance.

For example, there are multiple instances where wires are
pipelined in the Pentium 4 processor [4], [5] and lack of
such interconnect design information could lead to sub-optimal
design decisions during the early design space exploration
process. As frequencies continue to scale [3], more wires
will need to be pipelined and hence it becomes necessary to
perform early micro-architecture evaluation with interconnect
planning.

A. Prior Work

In [6], Cong et al. first proposed an early micro-architecture
evaluation methodology with consideration of physical infor-
mation. Assuming a target frequency, the authors model the
latency of each block and the timing slack available at the input
and output pins and perform timing-driven floorplanning to
optimize for the performance of the micro-architecture config-
uration in terms of BIPS. This helps in identifying interconnect
bottlenecks created by layout constraints. The work success-
fully demonstrated that such a combined approach is necessary
to identify the quality of micro-architecture configurations.

A severe limitation of this approach is that the cycle time
determined by the layout process for maximum BIPS and
the cycle time assumed for pipelining the block may not
match. This is due to the fact that interconnect pipelining is
not considered and long wires result in a cycle time larger
than the target. Thus, it is necessary to consider pipelining
for interconnects and not just the raw wire delay during
early micro-architecture performance evaluation. As pipelining
different wires can have varied impact on the IPC of the
microprocessor, it is important to understand the criticality
of pipelining different wires based on their impact on perfor-
mance.

Recent works [7][8][9] have looked at the problem of floor-
planning with interconnect pipelining and proposed different
interesting solutions in this regard. In [7], the authors propose
a technique to optimize a floorplan for throughput by wire
pipelining instead of optimizing the cycle time. Ekpanyapong
et al. [8] formulated the micro-architecture floorplanning prob-
lem as a mixed-integer linear program where the wire weights
were extracted from detailed micro-architecture simulations.
They demonstrated that using weights derived from simula-
tions provided better floorplan solutions in terms of system



performance against pure wirelength objectives. The work
by Long et al. [9] is closer to the one presented here as it
employs a CPI estimation method using the trajectory piece-
wise linear model [10] during floorplanning. For each bus in
the design, the authors study the impact of extra latency along
the bus when it is pipelined, and use a table lookup method
to extract the CPI when different buses are pipelined during
floorplanning. They showed that this approach can improve the
estimated CPI by around 28% compared to the CPI obtained
using wirelength optimization alone.

We differ from prior works in that we look at system
level critical paths instead of two-pin connections. Micro-
architecture performance is dependent upon a set of critical
loops [11], and our work attempts to minimize the latency
along these loops during floorplanning. Also, optimizing com-
plete paths gives a global view of the design and reduces the
time spent in estimating the impact of individual wires on the
performance.

B. Contributions and Paper Outline

In this work, we propose a methodology to evaluate a
micro-architecture with interconnect pipelining estimation and
explore different target frequencies. Specifically, our contribu-
tions include:
• Early floorplanning methodology for evaluating micro-

architectures with consideration of interconnect pipelin-
ing at a given target frequency by selectively optimizing
latency-sensitive high-level critical paths [11] in the ar-
chitecture.

• Use the idea of performance sensitivity models [5], [12]
to estimate the changes in the IPC due to extra latency
from the wires along the paths during floorplanning. As
these sensitivity models are independent of the target
frequency and only use the abstract notion of latency,
they can be used to optimize the floorplan for any target
frequency.

• Application of the proposed technique to evaluate the
impact of interconnects on the performance at different
target frequencies.

The remainder of the paper is organized as follows: Sec-
tion III discusses the overview of the proposed approach.
Section III-B presents the use of IPC sensitivity models to
understand the impact of latency on critical paths on the
performance of the architecture. Section III-C describes the
proposed floorplanning methodology which considers inter-
connect pipelining and its impact on performance using the
IPC sensitivity models. Experimental results are presented in
Section IV. Section V summarizes the paper and discusses
future research directions.

II. A SSUMPTIONS

As the work presented here is targeted toward providing
feedback to architects during very early design stages (even
before the pipeline stages and HDL are generated), we assume
that a given microarchitectural block can be pipelined to
any depth [5], [12] as required by the target cycle time.
This is not unreasonable as modern processors such as Intel

Pentium 4 [4] has more than 20 pipeline stages, while Intel
Prescott [13] has more than 30 pipeline stages. Such an
abstraction also helps in understanding the impact of frequency
scaling and interconnect delay along critical microarchitectural
paths during early design planning. Finally, we assume that
the overall functionality of the microarchitecture after wire
pipelining can be fixed either manually or using some formal
techniques [14].

III. M ETHODOLOGY

As mentioned earlier, the overall performance of the proces-
sor measured in instructions per second (BIPS) is maximized
by optimizing both the IPC and the cycle time. Since simulta-
neous optimization of IPC and cycle time considering layout
impact is a difficult problem, we split this into a two-step
process:

1) For a given target frequency, optimize the floorplan and
maximize the IPC1 with consideration of interconnect
pipelining estimation.

2) Apply Step 1 for different target frequencies and identify
the best BIPS solution for the micro-architecture.

At a fixed target frequency, the IPC of the processor for
a given workload is a function of: (a) the properties of each
micro-architectural block, and (b) latency in number of cycles
through critical micro-architectural paths. The block properties
include instruction and data cache sizes and associativity,
number of entries in the register file, the issue width of the
processor etc. Critical micro-architectural paths include branch
misprediction resolution latency, dependent instruction wakeup
latency, etc. Typically, there are very few critical paths at a
high-level (around 15 to 20). Since the path latencies come
from both blocks and wires, the early floorplanning process
can provide estimates of extra latency contributed by wires
which can be used to estimate the performance in terms of
BIPS.
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Fig. 1. Overall flow of the proposed approach.

Figure 1 outlines the proposed approach to optimize for IPC
at afixed target frequency. The input set consists of: (a) a set
of architecture level blocks along with their area and delay,

1At a fixed frequency, maximum IPC corresponds to maximum BIPS.



(b) a set of critical micro-architecture level paths which affect
the performance of the processor, (c) IPC sensitivity models
corresponding to the critical paths and blocks, and (d) a target
frequency under which the performance is to be optimized.

The delay of each block is the maximum delay between
any input to any output of the block without any pipelining.
This delay is used to estimate the number of pipeline stages
required to cover a path at the given target frequency based on
the floorplan constraints. The IPC sensitivity models provide
the relative changes in the IPC of the processor when the
latency of critical paths changes based on the layout. These
models are generated to be independent of the target frequency
(and only parameterized using latency), and hence can be used
for different target frequencies.

Since the target frequency is fixed, the maximum IPC
corresponds to the maximum BIPS and hence the floorplanner
optimizes for the IPC of the processor directly. The floorplan-
ner uses the IPC sensitivity models as a guide to optimize
for the latency through critical paths subject to the layout
constraints. The output of the floorplanner is an estimation
of the block and wire latencies for each of the critical paths
that produced the best IPC estimate. This information is then
fed to the detailed micro-architecture simulator in order to
get accurate IPC estimation. The IPC from the simulator and
the input target frequency provide an accurate measure of the
throughput in BIPS for the given micro-architecture.

By changing the target frequency, we can evaluate the BIPS
for the micro-architecture and accurately identify the operating
frequency that provides the best performance. In what follows,
we explain the notion of IPC sensitivity models and the details
of the floorplanner.

A. Area and Delay Estimation

For the purpose of modeling area and delay, the micro-
processor components can be categorized as below based on
their implementation style:

• Array Structures: Data and instruction caches, cache
tag arrays, all register files, register alias table, branch
predictors and large portions of the instruction window
and load/store queue.

• Fully Associative Content-Addressable Memories: In-
struction window/reorder buffer wake-up logic, load and
store order checks, TLBs etc.

• Combinational Logic and Wires: Functional units, in-
struction window selection logic, dependence check logic,
and result buses.

The area and delay of each logic block depends very much
on the implementation, particularly the transistor sizes and
internal capacitances that makes up the circuit. We model
the area and delay of the blocks using assumptions similar
to Wilton and Jouppi [15] and Palacharla et. al. [16] in which
the authors analyzed the delay of many of the microprocessor
logic blocks. In both these works, the delay was analyzed by
breaking the circuit into stages and calculating the RC for each
stage. The delay of the block was derived by adding the delays
along the critical path of the block.

B. IPC sensitivity Model

Since estimating IPC is a crucial part of our micro-
architecture evaluation framework, we discuss our approach
here. Traditionally, the IPC of a micro-architecture configu-
ration is obtained by detailed cycle-accurate simulation using
performance simulators such as SimpleScalar [17]. As this is
a time-consuming process, such simulation methods cannot be
used in the inner loops of physical planning tools. In order to
have accurate IPC values, the work in [6] used an IPC table
generated by simulating all the architecture configurations to
be explored and obtaining the IPC for each configuration at
a presumed target frequency. Though this method provides
accurate IPC numbers, we identify the following problems
with such an approach:

• Micro-architecture simulations to generate IPC for a large
set of configurations and target frequencies is very time-
consuming, and hence this approach is not scalable when
exploring several configurations during the early design
process, in spite of its accuracy.

• Such tables also limit the search space – i.e., it is
necessary that each architecture configuration at every
explored target frequency is simulateda priori and its
IPC value obtained.

Several techniques [18], [19] have been proposed by
architecture researchers to quickly estimate the IPC of the
processor based on statistical and/or analytical methods. Since
these techniques try to predict the actual IPC value, they
are not accurate enough to be used as a guide during the
floorplanning process.

We observe that it is not necessary to know the exact
IPC obtained through simulations for a configuration during
floorplanning. As long as the relative IPC degradation due
to extra latency along critical paths can be captured, it can
be used to guide any physical planning process. Though this
may not provideexact IPC values, this method allows us to
quickly estimate the changes in the IPC due to any variation
in the latency of the blocks and paths as determined by the
floorplan. Furthermore, this method has also been successfully
used in micro-architecture research [5] for early design space
evaluation.

To clarify the idea of a sensitivity model, Figure 2 shows
a simple architectural critical path that corresponds to the
latency of the availability of data accessed from the data cache.
The results shown here were collected for a baseline archi-
tecture and methodology presented in Section IV by simply
varying the latency of this path and keeping all other path
latencies fixed. We can see from Figure 2 that the IPC drops
by nearly a constant factor (around 2.4% on average) with each
extra cycle latency along this path. This trend also appears to
be consistent across different cache sizes. Thus, if the latency
of this path increased by 2 cycles during floorplanning, we
approximate the new IPC as(1−0.024)× (1−0.024) relative
to the old IPC.

The total latency of a given micro-architectural path is made
up of the latency through the blocks and the wires along
the path, as shown in Figure 3. Since the models should be
applicable under different target frequencies, the minimum
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Fig. 2. Illustration of the sensitivity model for the load use latency path.

latency of any pathP in the micro-architecture is set to
the number of blocks along the path, assuming each block
will correspond to one cycle latency. We denote this using
baseLatency(P ), and useIPCbase to represent the IPC of
the micro-architecture when the latency of every path is equal
to its minimum latency.

blocks flip−flops wires

total latency = block latency + wire latency

Fig. 3. Illustration of total latency through the micro-architecture path.

For a pathP , the actual latency may be higher depending
on the target frequency and the impact of interconnects after
floorplanning. The IPC sensitivity model forP gives the
relative IPC due to increase in the path latency, and therefore is
a value in the range[0, 1). The IPC sensitivity to the latency of
a path is studied by varying its latency alone, keeping all other
path latencies constant. The sensitivity is approximated using
well known mathematical models (constant, linear, piece-wise
linear, etc.) if the response is predictable, or as a lookup
function, if the response cannot be captured using a simple
mathematical model. For example, the response for the cache
latency path in Figure 2 is modeled as a constant factor
degradation per extra cycle latency. Thus, ifc is the percentage
degradation per extra cycle, andδ is the number of extra
latency cycles over the minimum path latency, then the new
IPC is computed using the sensitivity modelf(δ) = (1− c)δ

relative toIPCbase.
Such sensitivity models can be generated for individual

blocks and paths assuming all other parameters are fixed, or
can be used to study the sensitivity to simultaneous changes
along multiple paths or blocks, depending on the accuracy
required. The work presented in [20] shows how to develop
higher-order models to consider interactions among multiple

architectural parameters. However, in this work, we assume
that the effect of each path or block latency on the IPC is
independent, and we apply the individual models separately.
Thus, ifP1,P2,..,Pn are the critical paths considered,fP1 , fP2 ,
.., fPn correspond to the IPC sensitivity models (as described
earlier) for these paths respectively, andδP1 , δP2 , .., δPn be
the increase in the latency of these paths, then the new IPC is
computed as

IPCnew = IPCbase × fP1(δP1)× fP2(δP2)× · · ×fPn(δPn).

where0 < fPi(δPi) ≤ 1, for i = 1, 2, .., n.
We would like to clarify that generating such sensitivity

models requires performing a number of architectural simu-
lations which are time-consuming. However, once the models
are generated, it is fairly straightforward to apply them, and
they are scalable when exploring larger solution spaces.

C. Floorplanning

The floorplanning problem that we investigate here con-
siders only the die area and the performance of the system.
However, it is not hard to see that the floorplanner can be easily
extended to trade off performance for other constraints which
stem from power and thermal considerations. Formally, we
define the performance-aware area-constrained floorplanning
problem as follows:
Given:
• target cycle timeTcycle

• clocking overheadToverhead

• list of blocks in the micro-architecture with their area,
dimensions and total logic delay

• set of critical micro-architectural paths with performance
sensitivity models for the paths

• required widthWr and heightHr of the floorplan
Objective: Generate a floorplan which obeys die size
constraints and has the best performance in terms of BIPS.

The floorplanner used in this work is based on a simulated
annealing [21] framework using sequence pair [22] and is
derived from the open-source tool Parquet [23]. Since the tool
already considered fixed die size constraints, we extended the
floorplanner to consider the performance of the design instead
of a wirelength optimization objective. We use a weighted
combination of area and performance as follows:

cost = w ∗ 1
IPC

+ (1− w) ∗ area cost

The area cost tracks the violation of the die area constraints
and is calculated as in Parquet [23] while the computation of
the IPC of the floorplan configuration is explained below.

As mentioned earlier, the IPC of a floorplan configuration
is a function of the latencies of critical blocks and microar-
chitecture paths. LetTcycle be the target cycle time. Typically,
a portionToverhead of the cycle time is used to account for
the skew, jitter, latching and other clocking overheads for a
given technology [12], [5]. The remaining timeTuseful =
Tcycle−Toverhead is essentially the computation time available
in each cycle for useful work, and we use this time to calculate
the number of pipeline stages for a block or a path.



Given a floorplan configuration, we now discuss how to
compute the latency ofPk. Let block(i) represent thei-th
block alongPk and e(i − 1, i) represent the edge between
blocks i − 1 and i along Pk. If Pk hasn blocks andn − 1
edges, the total delay through the entire path is given by

delay(Pk) =
n−1∑

i=2

delay(block(i)) +
n−1∑

i=1

delay(e(i, i + 1))

i.e., delay(Pk) is the sum of the block and wire delays from
the output of the first block onPk up to the input of the last
block onPk.

To calculate the delay for an edgee(i, j), we fix the connect-
ing pins on the blocksi and j at the positions obtained from
the intersection of the center-to-center line between the blocks
and the corresponding block boundaries. We then compute the
length of the edgee(i, j) as the manhattan distance between
the two pin locations and use this information to compute the
delay along that edge. Once the propagation delay throughPk

is known, the number of pipeline stages required to cover that
delay at the given target frequency can be calculated as

latency(Pk) = ddelay(Pk)
Tuseful

e

The increase in the latency ofPk compared to its base latency
is given by

δPk
= latency(Pk)− baseLatency(Pk)

For each critical path, the latency of the path is determined
as mentioned above. We process the paths according to their
criticality (and the impact on IPC) from the highest to the
lowest so that blocks which are on multiple paths get pipelined
according to the most critical path that passes through the
block. Once the latencies have been computed, we use the
IPC sensitivity models to estimate the new IPC based on the
IPC estimation method discussed in Section III-B.

IV. EXPERIMENTAL VALIDATION

To experimentally study the methodology presented in this
work, we chose a baseline out-of-order superscalar processor
micro-architecture with a pipeline as shown in Figure 4. The
baseline processor parameters are shown in Table I.
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Fig. 4. Superscalar pipeline explored in this work.

The simulator used in this study was derived from the
SimpleScalar 3.0 tool set [17], a suite of functional and timing
simulation tools for the Alpha AXP ISA. The timing simulator
executes only user-level instructions, performing a detailed
timing simulation of a dynamically scheduled microprocessor.
Simulation is execution-driven, including execution down any
speculative path until the detection of a fault, TLB miss, or
branch misprediction. We modified the simulator to model
the pipeline in Figure 4 and made it configurable so that
the impact of different critical path latencies can be studied.

Instruction Cache 32KB, 32B/block, 2-way
Decode Width 4

ROB Size 128 entries
Issue Queue 32 entries
Issue Width 4

Register File 128 entries
Load/Store Queue 32 entries

L1 Data Cache 16KB, 32B/block, 4-way, 3RW ports
Unified L2 Cache 1MB, 64B/block, 8-way

TABLE I

BASELINE PROCESSOR PARAMETERS.

Block Area (mm2) Delay(ps) AR (H/W)
Branch Predictor 0.275 530 1.20

I-cache 0.656 556 1.20
D-cache 0.701 881 0.37
Mapper 0.356 681 2.00

Register File 1.298 415 1.30
Issue Queue 0.279 671 2.30

IntAlu 0.237 468 1.00
IntMult 0.330 3172 1.75
FPAlu 0.350 1820 1.00

FPMult 0.591 1820 1.75
Load/Store Unit 0.400 400 1.25

L2 cache 15.200 1890 1.49

TABLE II

L IST OF BLOCKS IN THE CHOSEN MICRO-ARCHITECTURE AND THEIR

PROPERTIES.

To perform our evaluation, results were collected for 23
SPEC2000 [24] benchmarks. The programs were compiled
on a DEC Alpha AXP-21164 processor using the DEC C and
C++ compilers under an OSF/1 V4.0 operating system using
full compiler optimization (-O4 -ifo ). Each program has
been simulated using theref set for that application for 100
million instructions after fast- forwarding past the initialization
portion of the benchmark (as described in [25]).

In order to consider the impact of pipelining based on
interconnect delays, we use the following critical blocks and
paths in this study:

• ALU : latency through the ALU and the bypass logic.
• DCACHE : latency though the L1 data cache.
• L2CACHE : latency for access to L2 cache.
• MPLAT : latency through the branch resolution path,

which is the time between when a branch is predicted
and when the actual outcome of the branch is known.

Table II lists the blocks in our micro-architecture along with
their respective area and delay numbers. The delay shown in
the table is the total logic delay through the block, assuming no
pipelining. The area and delay of the blocks were derived using
the method in Section III-A for a futuristic 70nm process
technology. Based on [12], we assume that the clock cycle
overheadToverhead is 46ps, which corresponds to roughly
1.8FO4 for 70nm technology parameters. Thus, for a 4Ghz
target cycle time, we setTuseful = 250ps - 46ps = 204ps and
use this to calculate the number of pipeline stages required
to cover a given path delay. As we study the impact of semi-
global interconnects in the micro-architecture, we assume that
all the signals are routed in the routing layers meant for semi-
global wires. The delay of interconnects is derived using the
IPEM models [26] which consider several optimizations such
as wire sizing, buffering and sizing, etc.



A. Sensitivity Models

In order to study the impact of extra latencies through
these critical paths, we performed a number of architecture
simulations and summarize the results in Figure 5. Since the
actual latency of the paths depends on the target frequency,
these results are obtained without any assumption on the
target frequency and mainly by using the baseline processor
parameters listed in Table I. We can see from Figure 5 that
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Fig. 5. Sensitivity of the micro-architecture to critical components in the
pipeline.

the latency through the ALU (along with the bypass logic
latency) impacts the performance most. This is because any
delay through the ALU affects the latency between dependent
instruction execution. The L1 data cache latency degrades the
performance to a lesser extent as only memory operations are
dependent upon this latency. Finally, the performance seems
to be quite tolerant of the latency through the L2 cache as well
as the branch misprediction resolution path. This is due to the
small number of L1 data cache misses as well as high branch
prediction accuracy due to advanced algorithms. Consequent
to the sensitivities shown in Figure 5, we use aconstantfactor
based sensitivity model for the critical paths ALU, DCACHE
and L2CACHE, and apiece-wise linearmodel for the path
MPLAT.

To understand the accuracy of using these models to
estimate the changes to IPC, we generatedeight micro-
architecture configurations by varying the properties of some
of the blocks as listed in Table III. We chose five dif-

No. Width D-cache ROB/IQ/LSQ/RegFile Area
1 4/4/4 16K, 3 RW 128/32/32/128 0%
2 4/4/4 16K, 3 RW 256/64/64/256 7%
3 8/8/8 16K, 3 RW 128/32/32/128 19%
4 8/8/8 16K, 3 RW 256/64/64/256 41%
5 4/4/4 32K, 2 RW 128/32/32/128 -1%
6 4/4/4 32K, 2 RW 256/64/64/256 6%
7 8/8/8 32K, 2 RW 128/32/32/128 19%
8 8/8/8 32K, 2 RW 256/64/64/256 41%

TABLE III

ARCHITECTURE CONFIGURATIONS USED IN THE STUDY. WIDTH DENOTES

THE DECODE/ISSUE/COMMIT WIDTH OF THE PROCESSOR IN THAT ORDER.

AREA IS THE RELATIVE CHANGE FROM THE BASELINE PARAMETERS,

WHICH ALSO CORRESPONDS TO CONFIGURATION1.

ferent target frequencies from 4Ghz to 8Ghz to study the
accuracy of the models when the frequency is changed.
For this study, the latency of each block was obtained as

dblock delay/cycle timee. We ignored the impact of wire
delays, and the latency of each path was the sum of the
latencies of the blocks along that path. Based on these latency
numbers, we obtained the actual IPC through simulations and
compared the change in the IPC to the values predicted using
the sensitivity models. The error between these two values for
all the configurations is shown in Figure 6. We can see that the
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sensitivity models are within 5% error in tracking the changes
in IPC for the chosen design space.

As mentioned earlier, for a larger solution space, some of
these paths could be interacting and it may become necessary
to study their interaction using advanced techniques as in
[20]. However, as the above results show that these models
are sufficiently independent for our sample design space, we
present results here which assume no interaction among these
paths.

B. Effect of Wire Pipelining

The work in [6] did not consider any wire pipelining and
produces cycle time estimates based on the longest delay of
critical interconnections. In order to understand the differ-
ence between this approach and the proposed approach with
wire pipelining, we used the MEVA tool [6] and generated
performance results at different target frequencies ranging
from 4Ghz to 8Ghz for each of the eight configurations in
our design space. The BIPS results from this experiment are
shown in Figure 7. Also, for these configurations, we generated
performance data using the proposed approach where long
interconnects were pipelined based on the floorplanner in
Section III-C. These results are shown in Figure 8.

0

1

2

3

4

5

6

1 2 3 4 5 6 7 8

Configuration

B
IP
S

4Ghz 5Ghz 6Ghz 7Ghz 8Ghz

Fig. 7. BIPS for the architecture configurations based on the approach from
previous work where wires are NOT pipelined.



0

1

2

3

4

5

6

1 2 3 4 5 6 7 8

Configuration

B
IP
S

4Ghz 5Ghz 6Ghz 7Ghz 8Ghz

Fig. 8. BIPS for the architecture configurations based on the proposed
approach with interconnect pipelining.

Figures 7 and 8 show a few interesting results. First,
the previous approach (Figure 7) always estimates a lower
performance for all the configurations. This is due to the phe-
nomenon explained through our example in Figure?? where
long wires determine a cycle time larger than the targeted cycle
time at each frequency. Analyzing the floorplan output, we
found that typically such long delay wires were connected to
the execution units from either the branch predictor or the data
cache. Since these wires are not pipelined, this results in very
low estimates of performance for the configurations. However,
based on the results from the proposed approach (Figure 8), we
found that these interconnects with large delays were pipelined
and the impact of the extra latency due to this wire pipelining
did not degrade the IPC significantly. This, coupled with the
fact that we were able to achieve the target frequency, results
in a much higher estimate of the BIPS compared to the method
used in [6]. We can see that the improvement in the estimated
performance is anywhere between 25% to 45%.

Secondly, we find that identifying the interconnect bottle-
necks (as in the previous approach) is alone not sufficient
in identifying the quality of individual configurations. For
example, Figure 7 shows that configuration 5 performs better
than configuration 3 at 5Ghz, while we can see that this is
not the case in Figure 8. Also, Figure 7 shows a relatively
insignificant performance difference between configurations 4,
5 and 7 at 8Ghz. However, based on the proposed approach,
we see a remarkable difference in BIPS between 4, 5 and 7,
as seen in Figure 8.

Finally, the results in Figure 7 make us to conclude that
performance drops significantly with increasing frequency.
However, we see from Figure 8 that in most cases, perfor-
mance increases with frequency, even if the increase is not
significant.

C. Impact of Interconnect Latency on Frequency Exploration

To demonstrate the need for the proposed approach in
identifying good target frequencies, we present results for two
cases in Figure 9.

• nolayout: Without considering any layout information,
we used delay

cycle timee to calculate the latency of the paths
and blocks. For example, a block with 500ps delay will be
pipelined to 3 cycles at 200ps cycle time and 4 cycles at
150ps cycle time. Notice that this is a lower bound on the

latency through any path or block, and the wire latency
will only increase the latency through these components.
Based on these latency numbers, we use the architecture
simulator to obtain the IPC and calculate the BIPS at
each frequency.

• layout: Based on the proposed approach, we obtain the
block and wire pipelining solution from the floorplan at
each of the target frequencies and generate the BIPS
based on these latency numbers for the blocks and the
paths.
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Fig. 9. Overestimation of the BIPS for the architecture configurations when
impact of wire latency is ignored. Data also shows importance of wire latency
in target frequency exploration.

The results in Figure 9 show the average overall eight
configurations. Our first observation is that the BIPS esti-
mated without considering any layout information in Fig-
ure 9 is overly optimistic and considerably higher than the
BIPS estimated with layout information, especially at higher
frequencies. This is expected because wire latency from
the layout can only degrade performance, and this effect
is completely ignored when layout is not considered. The
difference between the two approaches is very small for lower
frequencies (4Ghz and 5Ghz) because the wires that were
pipelined at this frequency were on the less critical branch
misprediction resolution path (MPLAT), which has the least
impact on performance. However, at higher frequencies (6Ghz
and above), wires on some of the most critical paths such as the
ALU bypass and the data cache access are pipelined, and this
significantly degrades performance as shown in the Figure 9.
As these paths are highly sensitive to extra latency, we see a
degradation of 8%-10% when considering the impact of wire
latency on the performance.

Secondarily, Figure 9 also shows the importance of explor-
ing the target frequencies with consideration of wire latency
impact. Without wire delay, the BIPS obtained at 6Ghz and
above appears to be around 8% better than the BIPS at lower
frequencies. However, a layout-driven approach shows that
the BIPS does not really vary significantly after 5Ghz target
frequency, and the benefit of increased frequency is offset by
the impact of interconnect latency. As the dynamic power
consumption is a function of the processor frequency, such
insights into performance variation with increasing frequency
helps when choosing the right power/performance tradeoff.
These results together underline the importance of early micro-



architecture planning with consideration of wire latency.

V. CONCLUSIONS

In this work, we presented a micro-architecture evaluation
methodology with floorplanning and interconnect pipelining.
Specifically, we coupled architecture performance sensitiv-
ity models with traditional floorplanning to optimize for
micro-architectural critical path latencies. Experimental re-
sults demonstrated that interconnect pipelining based approach
improved the estimated performance between 25% to 45%.
Also, results showed the value of simultaneous optimization of
architecture and physical design in providing insights into the
behavior of the processor at different operating frequencies. As
future work, we would like to study the use of higher order IPC
sensitivity models and consider power/thermal effects during
physical evaluation of microprocessors.
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