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Abstract—This paper describes key circuit innovations in a new
x86-64 micro-architecture [1] AMD code-named “Bulldozer” [2],
[3]. It is implemented in 32 nm high-K metal gate SOI CMOS. It
occupies 30.9 mm �, contains 213 million transistors, reduces the
number of F04 gates per cycle by more than 20% compared to a
previous processor in the same technology [4], and demonstrates
superior frequency scaling across voltage. The module includes
two independent integer cores but shares the fetch, decode,
floating-point, and L2 cache units to maximize single-threaded
performance and multi-threaded throughput while significantly
improving power and area efficiency compared to fully replicated
CPU cores. The design includes a new soft-edged flop (SEF)
family to enable high frequency and low power. Achieving power
efficiency in combination with high-frequency design is a par-
ticular challenge, and this paper describes several of the unique
approaches to power optimization that have been employed in
the design. The gate-count reduction and power optimization
enable faster frequencies in the same power envelope compared to
previous designs.

Index Terms—Array design techniques, clocks, flip-flops, circuit
design, low power, clock power reduction, power management,
register files, energy-efficient circuits, idle power, multi-core,
clocked storage elements, floating point, x86-64, SOI, dynamic
circuit design, design productivity, low voltage design, soft errors,
CMT, 64-bit architecture, 8T RAMcell.

I. INTRODUCTION

A MD’s two-core “Bulldozer” module is a new x86-64
processor designed from the ground up to meet the

demanding compute needs of both client and server workloads.
Built in 11-level metal 32 nm HKMG SOI CMOS, the pro-
cessor module contains many circuit innovations to improve
performance while optimizing power efficiency and frequency.
This paper focuses on circuit innovations used to meet aggres-
sive design goals.

This new micro-architecture [1] contains two processor cores
that implement chip-level multi-threading (CMT). Rather than
sharing unused resources as in simultaneous multi-threading
(SMT), Bulldozer’s CMT provides dedicated compute re-
sources to each CPU to maximize single-threaded performance
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Fig. 1. Module photo.

and multi-threaded throughput while significantly improving
power and area efficiency compared to fully replicated CPU
cores. The result is improved performance and frequency
and reduced area and power compared to a previous AMD
x86-64 CPU built in the same 32 nm process [4]. Frequency at
constant voltage is improved by more than 20% (Fig. 4) while
the dual-core switching capacitance is reduced to 84% of two
previous cores.

Physically, the two-core Bulldozer module contains 213
million transistors and is designed to operate from 0.8–1.3 V.
To achieve aggressive frequency goals, the design reduces the
number of fan-out-4 inverter delays per cycle (FO4) by more
than 20% to 12–14 usable gates between flops, achieving higher
frequencies in the same power envelope even with increased
core counts.

As shown in Fig. 1, the Bulldozer module includes two cores
with shared L2 cache and occupies 30.9 mm . Each core is dedi-
cated to a thread and contains a four-wide integer execution unit,
issue/retire logic, 16-KB four-way set associative L1 data cache,
and a load/store unit. A separate dual-threaded floating-point
unit is shared between the integer cores. Of the total module
floorplan area, the two cores occupy approximately 21% and
the floating-point unit occupies another 9%.

A 40-entry out-of-order (OOO) integer instruction scheduler
accepts instructions dispatched from the front end and issues up
to four instructions per cycle to two arithmetic logic unit (ALU)
and two address-generate unit (AGU) pipes. The integer execu-
tion units execute most instructions in one cycle and are fully
bypassed for minimum latency. Logical register numbers are
mapped into an integer physical register file (PRF) containing
96 entries of 64 bits each, physically constructed as two repli-
cated 4R/4W arrays that together support eight reads and four
writes per cycle in total.

The 16 KB L1 write-through D-cache has a four-cycle
load-use latency and is backed by a shared 1- or 2-MB L2
cache having 18/20-cycle load-to-use latencies, respectively.
The 2-MB L2 cache shown in Fig. 1 occupies about 35% of
the module area, and is physically shorter than the rest of
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the module because the height is set by the SRAM cell. The
resulting notch is used for logic at the SOC level, part of which
is visible in Fig. 1. A cache unit provides the interface between
the L2 cache and the rest of the module. Besides the L2 cache,
cache unit, and floating-point unit, the two cores in each module
also share the instruction front-end logic, which consists of
instruction fetch (containing a 64 KB, two-way instruction
cache), decode, and branch prediction units. The instruction
front-end comprises about 14% of the module area.

The floating-point (FP) unit contains a dedicated 60-entry in-
struction scheduler and four FP pipelines containing two com-
plete 128-bit FMACs that are new on Bulldozer. The FP unit is
fully dual-threaded and can issue and execute instructions from
both threads simultaneously. The FP unit design provides suffi-
cient compute bandwidth for both threads, but also enables all
resources to be used together to maximize single-thread perfor-
mance. The 10R/6W FP PRF is 160 entries 164 bits and is split
horizontally into two arrays. This arrangement dramatically im-
proves power efficiency and timing, and is described in more de-
tail later in this paper. Due to the distances between the register
file and FP pipes, two levels of bypasses between FP pipelines
are supported: 0-cycle latency in the datapaths and one-cycle la-
tency in the FP PRF.

The Bulldozer module contains 84 unique custom macros and
317,000 scannable flops. Module-level VSS power gating (C6)
is used to reduce leakage power by approximately 95% when
both cores are idle [4]. The 32 nm SOI process provides three
transistor types (low, regular, and high), with longer channel
lengths used to achieve even finer-grained trade-offs between
leakage and delay. ’s used across the design consist mostly
of regular (47%) and long-channel regular (46%), with less than
1% low- used for the most critical paths.

II. POWER

In contrast to second- or third-generation power-optimized
CPU designs [4], [5], Bulldozer’s ground-up design required
co-development of power efficiency, timing, and functionality.
One of the greatest challenges with such a complex, high-fre-
quency design is to achieve a truly power-efficient implemen-
tation. Generally, CPU power efficiency is achieved through
careful analysis of the power consumption of the completed
implementation to identify waste and reduction opportunities,
which are then implemented in a subsequent version of the core.
With a ground-up design such as Bulldozer, this sort of analysis
loop was not possible: power efficiency had to be designed si-
multaneously with convergence on timing and functionality.

Another challenge to power efficiency was presented by the
high-frequency target for the design. As is well known [6], it is
much more difficult to achieve power efficiency with a high-fre-
quency design than a low-frequency design due to higher flop
counts, larger gates to make timing, tighter skew requirements
on clocks, etc. Despite these challenges, the Bulldozer team
achieved the goals through a relentless focus on power through
all stages of the design while simultaneously reducing the cycle
time from past designs.

First, wide communication paths were minimized in the
micro-architecture and floorplan and low-power features in-
cluded. Power evaluation of these features was accomplished

Fig. 2. Clock activity factors.

Fig. 3. Power by unit.

by instrumenting the high-level performance model with power
information so feature evaluations could include the energy
cost. Second, as the RTL was written but before schematics
and layout were complete, the team used detailed RTL-based
clock and flip-flop activity analysis as a proxy for switching
power, tracking these weekly and driving the team to reach
aggressive clock gating goals. Third, the team developed a
new power analysis flow that enabled early mixed schematic
and layout analysis of transistor-level power consumption,
including full-custom parts of the design. This roll-up provided
the basis for a round of aggressive power optimizations (clock
gating, gate downsizing, pre-charger optimization, etc.) while
the implementation was still somewhat malleable.

As shown in Fig. 2, the percentage of clocks firing while ex-
ecuting code is significantly lower than in the legacy design.
A focus on turning off clocks when the core is halted (easy to
analyze) also paid dividends by reducing clock activity factors
while executing code. This can be seen in Fig. 3, which shows
the power consumed by the large floating-point unit is extremely
low when executing integer code. The team invested heavily
in multi-level clock gating to ensure no additional circuit was
clocked beyond what is necessary to accept a new instruction
should one come down the pipe. Combining these approaches
with the lower-power circuit methodologies and the inherent ef-
ficiency of the two-core Bulldozer module architecture resulted
in a design that consumes less energy per operation while still
operating at a high frequency.
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Fig. 4. Bulldozer core frequency achievement.

Another key objective of the core design was to enable very
high frequency (at high voltage) while also running efficiently at
low voltage. Energy per operation is minimized at low voltage,
so the team needed to optimize the circuits for that operating
point. This required two separate timing corners with equally
aggressive cycle time goals, one at 0.8 V the other at 1.3 V. As
can be seen in Fig. 4, this two-point timing optimization enables
the core to scale better than the legacy design across the full op-
erating range. Both gate-dominated timing paths and paths with
high RC content have been tuned to provide better scaling than
the prior design, which optimized timing at just a single nom-
inal voltage. This enables the core to thoroughly exploit boost
capability and ACPI P-states [7] by scaling frequency very effi-
ciently with voltage based on compute requirements. To further
exploit this broad operating range, Bulldozer combines an in-
tegrated digital power monitor [4] with chip-level power man-
agement logic to dynamically manage the operating point of the
cores based on the workload.

III. SOFT-EDGED FLOP

The twin goals of low power and high frequency drove the
choice of a soft-edged master-slave flop (SEF) for the design,
in contrast to legacy AMD designs that used a combination
of conventional MSFF latch-based flops (slow but power-ef-
ficient) and sense-amp-based flops (faster but high-power and
high-area) for critical circuits. SEFs enable low insertion delay
and efficient low-power operation, but offer the same robust-
ness across process variation and voltage range as a latch-based
MSFF. This avoids the need for poorly scaling circuit tech-
niques such as pulse-flops, which suffer from a dual-edged

timing constraint of hold time versus set time that imposes too
large a burden on tools and methodology for a design destined
for 14 nm technology and beyond.

Enhanced performance in the SEF is achieved by use of a
two-clock design instead of the single clock in a legacy MSFF.
Output data is launched from the early clock (ECLK) while data
capture (setup and hold) are relative to the late clock (LCLK).
This creates a soft timing edge, spreading variation effects
across two pipeline stages and helping mitigate the effects
of clock jitter and process variation on critical timing paths.
Cycle stealing was limited by taxing setup time to the LCLK
master latch and rebating setup time to the ECLK slave latch,
then choosing the worst of the two, as shown in Fig. 5. This
enables the use of standard CAD tools for timing without the
complexity of multi-cycle paths. In addition, for silicon-limited
critical paths, fuse-programmable LATE X control bits allow
further extension of the transparency window by approximately
half a gate delay for debug and tuning. Fig. 6 shows the clock
gater schematic, which generates LCLK two gates after ECLK.

When setup to ECLK fails, a late-arriving D input pushes out
the ECLK to QB delay of the flop to the downstream logic cone.
However, since jitter and variation are hidden by the SEF trans-
parency, there is no need to add the ECLK to QB transparency
push-out to pre-silicon timing provided the timing rebate is less
than a jitter/variation allocation, which in our design was 5% of
the cycle time.

The base SEF (HPSEF) has two potential costs, however,
that need to be addressed. First, the transparency window
(typically 10% of the cycle time) increases hold time because
hold time is measured to LCLK while data is launched early
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Fig. 5. SEF timing diagram.

Fig. 6. Clock gater with LATE X function.

on ECLK. Second, the improved performance of the HPSEF
costs increased power because of the need to route two clock
signals (ECLK and LCLK). To address this last issue, we
set targets and design checks for the team to ensure that the
average number of flops connected to a clock driver (gater)
is eight or higher. This ensures that the additional wire cap is
offset by amortizing the ECLK LCLK delay element power
(a tunable AND gate) across many flops rather than having it
replicated inside each flop.

Hold time was addressed by creating a non-soft-edged low-
hold variant (LHSEF, or LPLHSEF when combined with the
low-power optimization described later) to minimize gate in-
sertion for hold time needs. In this flop, the ECLK and LCLK
are internally OR’ed together into the master latch in the flop so
the data is both launched and captured on ECLK (Fig. 7). Apart
from the loss of transparency (inevitable with a low-hold flop),
one limitation of this flop is the clock duty-cycle compression of
the internal master latch caused by OR’ing ECLK and LCLK.
The result is compression of the master latch pulse by two gates,
requiring latch optimization for process robustness.

Power efficiency was improved by designing a low-power
SEF (LPSEF) with an internally gated slave latch clock. In the
LPSEF flop, the internal slave latch clock does not switch when
the master stores logic 0 and slave logic 0. In the LPXSEF, the
internal slave latch clock is gated when a logic 0 or 1 is stored in
both master and slave (Fig. 7). Simulated benchmarks showed
an average activity factor of 5% on the D inputs for a majority
of flops; thus, for a majority of time, the internal slave clock
does not fire. This also allowed us to aggressively optimize the
HPSEF for setup and hold timing performance without con-
cern about increasing power dissipation. As shown in Fig. 8,

at predicted data switching activity factors, the LPSEF saved on
average 21% and LPXSEF saved 34% switching capacitance
relative to the HPSEF. The majority of flops (76%) used the
LPSEF/LPXSEF (51%) or LPLHSEF (25%) with the HPSEF
only on timing-critical paths, delivering a good power saving
overall.

Fig. 7 shows a comparison of the different SEF types and rel-
ative performance metrics, normalized to 1.0 for the worst flop
type for each metric. With the exception of the LPXSEF, the SEF
variants are layout-footprint compatible to enable automated
flop swapping for power/performance. A small area penalty is
incurred compared to the legacy flop to achieve swappability.

IV. FLOATING-POINT UNIT AND REGISTER FILE

As described in the Introduction, Bulldozer includes a new
floating-point unit that adds many features relative to previous
AMD x86-64 processors. A split datapath (Fig. 9) is used to im-
prove data locality while supporting high throughput. This split
uses a highly ported register file (physically ten read ports and
six write ports), which uses pipe-sharing techniques to accom-
modate 13 read and 7 write busses. These ports support operand
delivery and reception from either side of the FPRF.

Fig. 9 highlights the FPRF split into two 91-bit/73-bit low/
high arrays, each associated with their respective data paths. The
arrays are nearly identical, differing only in the number of data
and parity bits. The array sizes are larger than standard IEEE for-
mats because of the inclusion of predecode, control, and parity
bits as well as data. The L/H array split supports the operand
precision needed for each data path, with the low side also sup-
porting x87 (80-bit) extended precision. This also enables power
savings of 45% by shutting off one of the two arrays and its
associated data path for instructions not needing the full-width
data path. Power savings are dependent on workload, but in-
structions that enable this optimization include x87 operations
and scalar SSE/AVX instructions. The use of two arrays also
allows data-path placement on both sides of each array, signifi-
cantly shortening operand/result bus paths for speed and power
efficiency, particularly for SIMD instructions.

Reads use a hybrid two/three-level hierarchical bitline struc-
ture of local and cascaded super bitlines. The local bitline is
a pre-charged dynamic M02 node. The pre-charged dynamic
super bitline is a split, cross-coupled structure that controls data
propagation in both directions between left and right banks
through the EN L and EN R signals (Fig. 10). This arrangement
splits the super bitline route, which reduces overall RC delay
by 50% and reduces average super bitline power consumption
by 25%.

Functional units provide zero-cycle bypass of results to con-
sumer units that are physically close, during which the RF is
fully disabled. The RF provides one-cycle bypass (read-after-
write) between all functional units, implemented by pull-downs
on left and right super bitlines. This circuit provides full bypass
from any of the seven results onto any of the ten read ports.

Write data is driven from SEFs outside the array macro,
routed and repeated to the array center on global write bitlines
and multiplexed with write data from units on the other side
of the array as necessary (Fig. 11). Selected write data is then
driven from the array center using local write bitlines to all
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Fig. 7. Normalized SEF Metrics (lower value is better).

bitcell write ports. While the use of global and local bitlines
requires additional route resources, it also enables balancing the
setup and hold requirements for write data. This RC-balance
technique reduces clock power by eliminating the need for
write latches while simplifying array construction.

V. INTEGER UNIT

The 40-instruction OOO unified integer scheduler issues up
to four operations per cycle, to two ALUs and two AGUs, and
supports single-cycle wake-up, bypass, and execution of de-
pendent operations. AGU operations include increment/decre-
ment (INC), address-generate, and x86-64 LEA instructions.

Timing-critical paths, including the ready operation wake-up
and pick loop (Fig. 12), broadcasting the picked instruction from
the scheduler to the execution unit, and operand bypass between
execution units, drive integer unit floorplanning (Fig. 13).

To achieve the high frequency required of the core, a
low-latency edge-triggered clock gater is used in critical paths
(Fig. 14), including the wake-pick loop and the execute-bypass
loop. Setup time requires only that the input and output of the
data inverter are equal before clock switches. Cross-coupled
PMOS keeper devices allow the dynamic node to recover from
false evaluation before the input switches full-rail and do not
fight the NMOS evaluation devices. A self-resetting NMOS
keeper holds data for a full clock phase. The fast combination
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Fig. 8. Simulated flop power versus data input activity factor �CAC � capacitance� clock enable activity factor � ���� ���.

Fig. 9. Floating-point unit floorplan.

Fig. 10. FPRF read scheme.

of a two-high NMOS stack followed by an inverter determines
the clock-to-output latency.

To remove wire delay and congestion from the critical reg-
ister file read and bypass paths, a four-read/four-write register
file is placed twice in the design to serve as an eight-read/four
write physical register file (PRF). The critical half of the PRF,
further from the output driver, has fewer pull-downs on the local
bitline, reducing slew rates on critical words with minimal area

impact. The INC unit is redundantly duplicated, reducing by-
pass latency to the ALUs. Load and store addresses never have
to be driven into the bypass network, so address generation is
less critical. ALU results have to bypass into both AGUs; be-
cause the increment operation is simple, the extra wire delay
does not limit timing.

Critical paths, including post-wake and pick logic and the
ALU adders, are implemented with static CMOS logic, with
beta ratios skewed higher (1.5 ) or lower (0.6 ) than the nat-
ural process beta ratio (Fig. 15). Skewed gates favor the evaluate
edge of the set-dominant RS latch output relative to the reset
edge. Although wide OR functions in the post-wake and pick
logic are amenable to domino logic, re-clocking the RS latch
outputs would be susceptible to duty-cycle variation. When area
constraints permit, full-custom arrays are converted to standard
cell designs. An array of transparent-low latches (B-latches)
replaces bitcells as storage elements. A logical AND function
of the latch output with clocked wordlines produces local bit-
lines. The bitlines are driven into wide static OR functions. The
critical edge is always driven into a one-high transistor stack;
stacked devices drive only the non-critical reset edge. Low-
gates, normally forbidden in domino gates due to leakage con-
cerns, can be used. Placement flexibility allows floorplanning
optimizations, including placing a regular array into an irreg-
ular region. These techniques yield almost all the speed of a
full-custom design, reduce design effort, and allow the explo-
ration of a large design space in short time.

Although most register-file bit reads in the payload are full-
swing and single-ended, some critical bits are read dual-rail
(Fig. 16). This has several advantages: it allows the use of cross-
coupled keepers, against which evaluate pull-downs do not have
to fight; it eliminates inverters in data paths; it permits the use of
skewed logic gates for both true and complementary data; and,
it increases tolerance of jitter duty-cycle variation by allowing
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Fig. 11. FPRF write data distribution.

Fig. 12. Picker logic.

late-arriving bits to flow through clock gaters. Because dual rail-
reads are used for only the most critical bits, the affected array
read power increases by only 5%–18% depending on workload,
without significant power increase outside the arrays.

To reduce active power, the scheduler stores only tags: phys-
ical register numbers (PRN) of destination and source operands.
All structures except the PRF and functional units manipulate
8-bit PRNs (seven bits plus parity) instead of 64-bit instruction
data. Instead of a shifting, collapsing structure to preserve age
information, an ancestry table keeps track of the oldest instruc-

tion in the scheduler. The oldest instruction is picked, if ready.
If not, a priority encoder scans ready instructions in physical
order, which does not correspond to age order. When an opera-
tion is picked for execution, the destination PRN is read from a
register file and broadcast to a fully associative content-address-
able memory (CAM), which stores up to four source operands
for every instruction in the scheduler. Pairs of destination bits
are decoded before broadcast, reducing the number of switching
bitlines. Rather than pulling down on a “mismatch” signal if a
single bit mismatches in the CAM, a logical AND structure is
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Fig. 13. Integer unit floorplan showing critical paths.

Fig. 14. Edge-triggered low-latency clock gater.

used (Fig. 17). As a result, fewer CAM structures switch be-
cause match is less likely than mismatch.

VI. SRAM AND REGISTER FILE METHODOLOGY

All L1 SRAMs and register files use strongly write-optimized
cells to enable robust low-voltage write operation. The design
removes write column muxing on all arrays outside the L2
cache, so all of the bits on a local write wordline always write.
This removes the “dummy read” disturb seen by non-selected
columns in a column-muxed SRAM, thereby avoiding the
requirement for the cell to have a stable static noise margin with
the write wordline on and the bitlines starting close to .
Instead, the write bitlines can be fully static, providing a useful
power saving, and the cell is more robust. As well as improving

, the write-optimized cell also improves write speed at
nominal voltages. In practice, the removal of column muxing
was only difficult for a single array that writes only two bits at a
time, for which the solution was read-modify-write. In contrast,
few register files would use column muxing even if available.

One potential concern with the removal of column muxing is
spacing for multi-bit soft errors. The solution was to add mul-
tiple interleaved parity or ECC bits as required to maintain the
same SER spacing. For example, if the multi-bit SER rule called
for parity with a column spacing of two, the solution was an even
parity bit for bits 0, 2, 4, etc., and an odd parity bit for bits 1,
3, 5, etc. For almost all arrays with 20–30 columns or more, the
penalty because of extra parity bits is minimal.

The second array design goal was effort reduction. Wher-
ever possible, we replaced custom array macros with scanned
flop or unscanned transparent-low B-latch arrays. These stan-
dard cell arrays were hand-placed but gained from the benefits
of static design, standard cell design efficiency, and the ability to
use flexible placement to fit in non-rectangular placement areas.
The flop arrays also allow standard scan-based testing and data
dump for debug rather than MBIST. The much smaller B-latch
arrays, in contrast, give a useful area saving but require MBIST
or a modified sequential scan-based test mode [8] whereby all
entries are written to one data value in cycle N, then one entry
is written to the complementary value in cycle .
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Fig. 15. Array implemented as standard cells.

Fig. 16. Eliminating hard timing edges and phase paths.

Overall, 36% of the unique array designs are flop or B-latch
arrays (30% and 6%, respectively), while a further 28% of
arrays use a custom design style but are built from a register
file compiler. Excluding the ROMs, this means only 23% of
arrays are custom register files or L1 or L2 SRAMs. However,
75% of the storage bits are in the dense L2 SRAMs and a
further 11% each are in L1 SRAMs and ROMs. The compiled
and custom register files comprise 3% of the bits, and the flop
and B-latch arrays are only 0.4% and 0.2% of the bits. This
means the area cost of standard cell and compiled arrays is
minimal.

All of the L1 SRAMs use a 0.294- m 8T cell with single-
ended sensing, eight cells per local bitline, and delayed-onset
keepers as described in [4]. There is no self-timed or low-swing
logic in the core outside the L2. The L2 SRAMs, in contrast,
use a dense 0.258- m 6T cell, conventional full-swing sensing,
and column muxes to minimize area.

The final array design goal was power saving and avoidance
of architectural critical paths. For all of the L1 SRAMs except
the D-cache, the 8T SRAMs are used in single port mode (read
or write per cycle, but not both), enabling denser array layouts
because of R/W decoder sharing. The D-cache, in comparison,
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Fig. 17. Wake-up array logic.

is sized at 16 KB per core but supports two reads and a B-phase
write per cycle. This achieves the same one-of-16 bank conflict
rate as a previous 64 KB design by performing micro-banking
at a 32-row level. The 8T cell and a change to a write-through
cache removed a difficult read-modify-write critical path from
prior designs, further helping performance by removing read/
write bank conflicts.

Finally, the new pipeline was used as an opportunity to
replace dynamic mismatch CAMs with lower-power static or
match structures, remove power-intensive shifting queues, and
minimize unnecessary instruction retries via wider usage of
wake-up CAMs. As an example of this, the I-TLB and D-TLB
use static CAMs, which avoid power consumption if the page
address is unchanged, and a power filter to avoid reading
the dynamic RAM in this case. The static CAM consumes
approximately 40% as much power as a dynamic CAM, and
the power filter avoids RAM reads in approximately half of the
TLB accesses.

VII. CLOCKING

The high frequency and power saving goals for Bulldozer put
a premium on efficient yet low-skew clock distribution. With
clock skew accounting for a significant portion of total cycle
time, clock-skew minimization is even more important for high-
performance microprocessors [9]. At the same time, the clock
power including ungated portions of the gater represents 11% of
the peak power and up to 29% of idle power, so power reduction
is also important.

The overall architecture of the clock distribution on AMD’s
Bulldozer core is shown in Fig. 18. The final level of clock dis-
tribution uses a single clock grid for low skew, supplied by ver-
tical M11 spines that run along the vertical extent of the core
on the top-most M11 layer, driven from five horizontal banks
of clock drivers whose size was tuned based on the load. Hori-
zontal clock stubs then extend from these spines over standard
cell clock rows that contain the clock gaters, which are the final
stage that drives the flops.

Clock power-reduction efforts targeted two areas: 1) reduction
of parasitic clock distribution wire capacitance, and 2) reduction
of end-load capacitance. Since end loading reductions have a
multiplicative effect because they also reduce the demands on
clock distribution wiring infrastructure, special attention was
given to the overall design and stage gain of the clock gaters
used in the design. By establishing a minimum stage gain design
guideline for the clock gaters, the end loading was reduced by
an average of 3% per gater over a previous project [4]. Fan-outs
in the pre-clock H-tree were also optimized to minimize H-tree
power. Meanwhile, grid capacitance was reduced by doubling
the number of standard cells per clock row to 36 compared to a
legacy clock grid (thereby reducing the horizontal spine count)
and clustering the clock gaters closer to the vertical clock spines,
thereby reducing the horizontal wire load. This design choice
places more of the clock skew budget on the post-clock gater side
of the distribution, which can be designed to compensate with
increased wire sizes. Since the post-gater routes benefit from
the clock-enable activity factor reduction, overall power was
reduced compared to the denser clock grid option. The final grid
capacitance was balanced with 48% wire and 52% gate load. The
overall grid skew is less than or equal to 8 ps, with a further 4 ps
budget from the final clock gater to the flops.

Once the end loads were known in both capacitance value
and location within the clock grid the clock wire tuning effort
was started. First, grid wiring was optimized assuming ideal
clock drivers. Second, final clock driver drive strengths were
determined and binned to available sizes in the clock library.
Third, final analysis using real clock drivers verified the per-
formance. One complicating matter was the fact that L/R ratio
of the 16 metal layers employed in the clock grid was high
enough for those layers to exhibit significant transmission line
behavior, as illustrated in Fig. 19. The model for Fig. 19 was a
uniformly loaded clock spine with a total span of 1.1 mm, and
M11 wire width of 1.2 m and spacing of 1.4 m. The illus-
trated waveforms were at the final clock driver output and the
approximate mid-point in the clock grid. To address this chal-
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Fig. 18. Core clock distribution architecture.

Fig. 19. Transmission line effects in clock network.

lenge, the wire-tuning algorithms were modified to avoid wire
width and space combinations that would lead to signal integrity
problems in the clock grid.

VIII. CONCLUSION

This paper describes key circuit innovations in AMD’s Bull-
dozer, a new x86-64 micro-architecture implemented in 32 nm
high-K metal gate SOI CMOS. Timing optimization at both high
and low voltages results in reduced frequency roll-off at high and
low voltages compared to previous core designs while achieving
significant frequency improvement across the operating voltage
range. The design has more than 20% fewer F04 gates per cycle;
this paper describes several of the circuit innovations required to

implement this. Achieving power efficiency in combination with
high-frequency design is a particular challenge, and this paper
also describes several unique approaches to power optimization
that have been employed in the design. The gate count reduc-
tion and power optimization enable faster frequencies in the same
power envelope compared to previous designs.
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