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Abstract—This paper describes a low power Intel Architecture
(IA) processor specifically designed for Mobile Internet Devices
(MID) with performance similar to mainstream Ultra-Mobile
PCs. The design relies on high residency in a new low-power state
in order to keep average power and idle power below 220 and
80 mW, respectively. The design consists of an in-order pipeline
capable of issuing 2 instructions per cycle supporting 2 threads,
32 KB instruction and 24 KB data L1 caches, independent integer
and floating point execution units, x86 front end execution unit, a
512 KB L2 cache and a 533 MT/s dual-mode (GTL and CMOS)
front-side-bus (FSB). The design contains 47 million transistors in
a die size under 25 mm? manufactured in a 9-metal 45 nm CMOS
process with optimized transistors for low leakage. Maximum
thermal design power (TDP) consumption is measured at 2 W at
1.0 V, 90 °C using a synthetic power-virus test at a frequency of
1.86 GHz.

Index Terms—Low power Intel Architecture processor, mobile
internet devices.

I. INTRODUCTION

HIS paper describes a low power Intel Architecture (IA)
T processor specifically designed for Mobile Internet De-
vices (MID) with performance targeted to mainstream Ultra-
Mobile PCs [1]. The design relies on high residency (over 80%)
in a new low-power state in order to keep average power and
idle power below a few hundred mW. The micro-Architecture
is kept simple and only those features that give the best per-
formance/watt are incorporated. The resulting processor design
consists of an in-order pipeline capable of issuing 2 instruc-
tions per cycle supporting two threads, 32 KB instruction and
24 KB data L1 caches, independent integer and floating point
execution units, x86 front end execution unit, a 512 KB L2
cache and a 533 MT/s dual-mode (GTL and CMOS) Front-
Side-Bus (FSB). The addition of simultaneous multi-threading
provide over a 36% increase in performance for a modest 19%
increase in power. The design contains 47 M transistors in a die
size under 25 mm? manufactured in a 9-metal 45 nm CMOS
process with optimized transistors for low leakage packaged
in a Halide-Free 441 ball, 14 x 13 mm pFCBGA. Maximum
thermal design power (TDP) consumption is measured at 2 W
using a synthetic power-virus test at a frequency of 1.86 GHz. A
0.65 W TDP at 800 MHz is achieved at the lowest power supply
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(Vmin = 0.75 volts) set by the L2 cache 6-transistor bitcell
under normal operating conditions; retention voltages are lower.
Measured average and idle power are in the order of 220 mW
and under 80 mW, respectively.

This paper is organized as follows: in Section II, the pro-
cessor’s micro-architectural details are presented, Section III
provides a glimpse into the 45 nm CMOS technology,
Section IV briefly describes the design methodology used
to build this processor, Section V discusses the clock architec-
ture, Section VI describes several low power circuit techniques
used, Section VII briefly describes the L2 cache, Section VIII
introduces two aspects of reducing FSB power, Section IX
covers measured performance and power results and finally, in
Section X, we conclude the paper.

II. MICRO-ARCHITECTURE

Features in this new micro-architecture are selected with low
power and high performance per watt efficiency in mind. The
pipeline is tailored to execute IA instructions as single atomic
operations consisting of a single destination register and up to
three source-registers and adheres to the Load-Op-Store instruc-
tion format. Further, using power efficient algorithms in areas
such as instruction decoding and scheduling (traditionally com-
plex circuits that are power hungry), the design achieves high
performance per watt efficiency. In addition, support for Hyper-
threading or simultaneous multi-threading technology (HT) is
added; the instruction scheduling logic can find a pair of instruc-
tions from either the same thread or across threads in a given
cycle to dispatch. HT is a feature that provides high performance
per watt (typically over 36% increases in performance fora 19%
increase in power) efficiency in an in-order pipeline. Moreover,
the use of specialized execution units is minimized. For ex-
ample, the SIMD integer multiplier and Floating Point divider
are used to execute instructions that would normally require a
dedicated scalar integer multiplier and integer divider respec-
tively. Finally, other features like activity-based control of in-
struction issue and dispatch of operations on the FSB are added
for power reduction. The processor block diagram is shown in
Fig. 1; the main micro-architecture features in the front-end are:
dual-decode, dual-issue, in order execution supporting simulta-
neous multi-threading, 32 KB instruction L1 cache with pre-de-
code extension, 128-entry branch trace buffer and 4 K-entry tag-
less Gshare predictor; this predictor uses the history of recently
executed branches to predict the next one. The Floating-Point
(FP) units contains 128b SIMD integer paths (2 SIMD ALUs
and 1 shuffle unit), 64b FP and SIMD integer multipliers, an
FP adder with 128b support for single-precision adds and a
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74

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 44, NO. 1, JANUARY 2009

FP/SIMD execution cluster

Fig. 1. Low power IA processor architecture block diagram.

Safe Instruction Recognition support to allow out-of-order com-
mits. The integer execution cluster contains two ALUs, a shifter
and a Jump Execution unit; single cycle 64b integer operations
are supported. The memory execution unit contains a 24 KB
write-back L1 cache with 2-level data TLB hierarchy, hard-
ware page walker, integer store to load forwarding support, a
512 KB L2 cache with inline ECC and L2/data cache hardware
pre-fetchers. Other micro-architecture features include Intel 64
Architecture support, Intel Digital Media Boost (SSE3), and
Intel Virtualization technology. A detailed look at the micro-ar-
chitecture can be found in [5] and [6].

Fig. 2 shows the 16-stage pipeline starting with instruction
fetch of an integer macro-instruction through when the results
are either committed to the register file or the data cache. The
included processor shmoo (thousands of functional patterns are
used) clearly show that a 2 GHz core frequency at 1 V is clearly
achievable. Also note that lower frequencies (down to 600 MHz)
are possible at a power supply of 0.75 V by simply dialing down
the core phase-lock loop (PLL) ratio.

Several features support extended battery life including the
new Intel Deep Power Down Technology [3] which allows for
a majority of the CPU functionality to be powered down ex-
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cept for an on-die array that holds the micro-architectural state
with very fast entry/exit times (< 100 us). Fig. 3 shows several
power states (C-states) where lower power is achieved as more
features are turned off from C-O state to C-6 state. In C-0 high
frequency mode (HFM) and low frequency mode (LFM), the
processor can operate at its maximum frequency and its min-
imum frequency, respectively. In C-1 power state the core clock
is power-gated and the L1 caches flushed resulting in lower dy-
namic power; exit latency is under 1 us. In C-4 power state,
the 2 PLLs are shut down, the L1 caches are flushed leading to
further dynamic power reduction; exit latencies are in the order
of 30 us. Finally, in C-6 power state, the state of the machine
is stored in an on-die SRAM (built as a 1-read, 1-write ported
register file) and the core power supply is shut down resulting
in the lowest power; exit latencies are in the order of 100 us.
Fig. 4 shows the power savings among all these C-states; the
AVERAGE power is clearly a function of the processor’s res-
idency in these C-states; based on preliminary measurements,
we estimate C-6 residency to be between 80% and 90% leading
to an AVERAGE power in the order of 220 mW. IDLE power
which is dominated by leakage power of the remaining powered
functional units on die is below 80 mW.
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III. CMOS TECHNOLOGY

This microprocessor is implemented in 45 nm CMOS tech-
nology [2] containing metal gate high-k dielectric transistors.
Due to the aggressive sub-100 mW IDLE power goal, a lower
leakage transistor is used where the appropriate transistor
gain vs. transistor leakage has been optimized to produce a
2 GHz pipeline. In addition, nine layers of metal are used along
with a very aggressive 6-transistor cache bitcell which uses
local interconnect layers. Fig. 5 shows a transmission electron
microscopy cross-section of the metal-gate high-k transistor
and the resulting 25X to 1000X reduction in gate leakage
compared to Intel’s previous 65 nm CMOS technology.

IV. DESIGN METHODOLOGY

This design uses a ‘“sea-of-Functional-Unit-Blocks (FUB)”
methodology whereby all cluster hierarchies as well as all

active

Partial flush
<1ps <30us <100us
2 = —

unit-level hierarchies are flattened at the chip-level even though
the logical partitioning of the chip-level RTL model is comprised
of several logical clusters (Floating Point, Integer Execution,
Memory Execution, Front-End, Bus Interface, and L2 Cache).
A “sea-of-FUBs” methodology allowed the design to converge
physically (layout, timing, noise and reliability verification)
at a much faster pace since the chip was built with physical,
timing, and noise abstracts; the design could be iterated more
than once per week. This methodology essentially removes all
logical clusters and unit-level hierarchical boundaries resulting
in a physical hierarchy where an object-based parallel editing
scheme is used for physical design convergence; Fig. 6 shows
the die photo with the logical unit partitions. The physical
database consists of 205 unique FUBs (not including repeater
stations) and 41,000 FUB-to-FUB interconnects. 91% of the
FUBs are designed using cell-based design techniques using
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Fig. 6. Processor die photo with logic partitions highlighted.

pre-characterized standard cells with 45% using “structured
data-pth” design techniques and 46% fully synthesized random
logic blocks. The remaining 9% are full-custom blocks. The core

contains 13.8 million schematic transistors, the Bus Interface
unit contains 2.7 million and the L2 cache contains 30.7 million
for a grand total of 47.2 million transistors in a 25 mm? die.
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V. CLOCK ARCHITECTURE

The clock distribution is architected with power saving as a
top priority. Clock recombination in global distribution is lim-
ited to a few critical stages after carefully studying the power/
skew trade-off. Global clock routing is further reduced by 1) im-
plementing a gridless topology that routes clock to locations
only if required, 2) alignment of clock receivers to major clock
spines, and 3) reducing the number of receivers on the clock
network by minimizing clock cell cloning where clock tree syn-
thesis is used. Flow automation and a cell based design approach
are used to minimize implementation effort and achieve fast
clock convergence. Fig. 7 illustrates the cascaded, two PLL de-
sign where the first PLL is used to generate the clocks for the
double-pumped address and quad-pumped data FSB. A fuse-
controlled delay line allows good delay compensation between
the address bus and data bus clock distribution networks thus
keeping the clock skew low. The second PLL receives a filtered
1X clock from the first PLL and multiplies up by 6X to 20X cov-
ering a range of 600 MHz to 2 GHz core clock for a 100 MHz
platform clock. Fig. 8 shows the clock distribution topology.
The core clock is taken to the middle of the chip and then drives
three clock bays where the clock signal is buffered and ampli-
fied. The last stage of each clock bay is shorted with M8 which
runs horizontally along the entire length of the 7.4 mm bay. In-
termediate stages are not shorted unlike traditional clock spines.
The only place where any kind of shorting may be done is the
final M8 trunk and stage S10. Stage S10 inverters are shown
as small dots on the floor plan. These inverters are located out-
side of the clock bays and are used to reduce the bay to bay
clock skew if necessary based on timing analysis. The M8 trunk
drives the final stage of the clock network which drives the M7
drivers. The M7 clock spines then deliver the clock to all FUB
input pins. Each vertical M7 spine is a separate net. With this
method, clock distribution dynamic power is kept below 7% of
the total processor dynamic power with a worst case global dis-
tribution skew (1 sigma) under 6 ps including process variation.
The static timing tool uses this clock skew as well as PLL jitter
as a fixed budget in order to converge the MAXDELAY (set-up)
and MINDELAY (hold) timing; clock skew for each path is cal-
culated based on the Point-of-Divergence (POD) of the gener-
ating clock and the sampling clock. Typical clock uncertainty
for same PLL domain paths are in the order of 20 ps for a set-up

check and 50 ps for the hold check; cross-PLL domain paths
could range from 120 to 150 ps.

VI. POWER SAVING TECHNIQUES

This processor uses Register File (RF) design style for all core
arrays including the 32 KB L1 instruction cache, the 24 KB L1
data cache and the 10 KB C6 array which holds micro-archi-
tecture state during the C6 deep power down state. These use
8 T memory cells to attain better SER characteristics, high per-
formance cache access time and lower voltage operation than
traditional 6 T SRAM cells. The L1 caches implement 1 bit
per byte parity and no ECC. Because RF arrays comprise over
50% of the total core area, they are an important contributor to
overall chip power. Several power saving techniques are em-
ployed: fine granularity sleep on word-line drivers with double
stacked PFET's with negligible wakeup times as shown in Fig. 9.
The sleep signal in this WORDLINE driver is based on ad-
dress decoding and adds a redundant PMOS transistor between
the power supply and the word-line driver. The sleep signal is
generally shared across 8 entries. When any one of the 8 en-
tries is going to be accessed, the sleep is de-asserted. When
none of the entries in a group-of-8 is being accessed, the sleep
is asserted and turns off the sleep PMOS transistor resulting
in lower leakage due to transistor stacking. In addition, sleep
controls to allow floating of read bit-lines on the ROM arrays
(22 Kpops x 60 bits/pop) during non-access cycles are used
(see Fig. 10). When the ROM is idle, the “slp” signal is asserted
by the control logic. This causes the secondary pre-charge (on
the intermediate bit-line) to be turned off, thereby floating the in-
termediate bit-line thus reducing leakage substantially; wake-up
time performance impact is very small and comprehended in the
cycle time analysis. This feature is not implemented on the local
bit-line because leakage is already much lower due to device
stacking and savings do not justify the increase in complexity.
Finally, array bits on the “read-side” are architecturally pre-dis-
posed to a value of “0” to reduce leakage power through the read
stack.

VII. L2 CACHE

The L2 cache is a phase-based, 8-way 512 KB design sup-
porting single cycle throughput for both read and write oper-
ations. The design is fuse-able to 4-WAY 256 KB and exten-
sible to 1 MB with the same the latency. It has in-line Single
Error Correction Double Error Detection (SECDED) error cor-
rection mechanism (ECC) for the data and tag arrays for immu-
nity against soft-errors and enhanced reliability. TAG, Least-Re-
cently Used (LRU) and State bits are combined together into one
array to minimize area and power. Tag and data sub-arrays are
4.5KB and 17.5 KB, respectively with 256 cells (bit-cell area =
0.3816 pm?) per column with column redundancy in the data
array to improve die yield. Designs for test (DFT) features in-
clude programmable built-in test (PBIST) and local direct ac-
cess test (LDAT). Active and leakage power for the entire L2
including the back-side logic (BBL) blocks are 25 mW and
87 mW at 1.0 V and 2 GHz 90 °C, respectively.

Several micro-architectural features are incorporated to re-
duce average power of the cache. L2 activation starts in the
TAG array with activation of L2grant signal at the high phase
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Fig. 9. Fine granularity sleep word-line driver to reduce leakage power via
stacking effect.

of the clock. Similarly, data arrays remain in sleep mode until
a qualified HIT signal is received from the TAG. This gener-
ates the SRAMWAKE signal for the relevant data sub-arrays
and causes the memory cell to reach up to full voltage from its
retention level; as a result only 4 out of 32 sub-arrays are on
for any given time. The SRAMWAKE signal is held for several
phases to reduce switching power on back-to-back access on
the same WAY. Tag array pre-decode, word line (WL) launch,
sense amplifier enable (SAEN), in-line ECC and transmit of
the TRUE HIT to the core occur in 4 cycles. Data array de-
code, access, in-line ECC and transmit to the L1 occur in 4 cy-
cles. During low performance operation, micro-code uses con-
trol registers in the BBL control unit to disable a pair of ways
at a time. The Tag stays above retention value to maintain its

o )+ midbay

). botbay

invalid state while data drops below retention. During the C-6
power state, the voltage plane for the entire L2 is cut off. In addi-
tion, this phase-based design with serialized chunk access con-
tributes to lowering the total leakage power since several blocks
are shared (repeaters and ECC); the overall sequential count in
the sub-array is reduced by 2X.

Average power reduction techniques include: power-gating
(PG) transistors for the word-line drivers and active/sleep tran-
sistors for the memory arrays (see Fig. 11) [4]. For low-power
states where the contents of the L2 cache need to be retained,
the ACTIVE PFET is off and the SLEEP PFET is on allowing
several levels of bias settings to set a virtual power supply to
the array. These settings are configured with fuses and deter-
mined empirically. The 6-transistor bitcell has been optimized
to operate and retain state at very low power supplies; over 2.5X
leakage power reduction has been measured in this “sleep” state.
A further 10X leakage power reduction can be attained if the
sub-arrays are completely powered down; this is done on un-
used ways or a chopped design.

VIII. OFF-CHIP DRIVERS

A dual mode IO buffer is implemented where both legacy
Gunning-Transceiver-Logic (GTL) signaling and a full CMOS
swing can be supported with a fuse-able option. GTL IO is
used for high performance FSB where data rates greater than
667 Mega-Transfers per second (MT/s) are required. In CMOS
mode, the buffer can reliably transmit data at 533 MT/s while
reducing the total FSB platform power from 200 to 500 mW
as compared to GTL; this power savings is a strong function of
FSB traffic. Essentially the resistance-compensated NFET pull-
down impedance is reprogrammed to 55 ohms and the on-die-
termination (using resistance-compensated 55 ohm PFETS) is
turned off to eliminate DC power. Fig. 12 shows the dual mode
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buffer and receiver; note that the reference voltages of the differ-
ential input receivers are also reprogrammed from 2/3 x+ VCCP
in GTL mode to 1/2 * VCCP in CMOS mode. For a sub-1 W
platform, this power savings is very significant since its contri-
bution is constant due to its power supply VCCP remaining at a
constant 1.05 V.

FSB leakage power is further reduced by “splitting” the
1.05 V VCCP power supply and only keeping 21 pins “alive”
during the C-6 power state. As a result, as shown in Fig. 13,
the IO leakage power contribution to idle power can be reduced
by 2X to 3X across several process corners; this is critical in
achieving an idle power below 80 mW.
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IX. PERFORMANCE AND POWER

Simultaneous multi-threading (MT) results for the EEMBC
and SPECint2KRATE benchmarks for this 2-issue, in-order
pipeline are shown in Fig. 14 where a 36% to 39% improvement
is measured at an increase of 17% to 19% in power. These
measurements are obtained on a custom reference design with
a 533 MT/s FSB, 1 GB of DDR memory and a custom chipset.
TDP power measured at various core frequencies and process
corners while running the game QUAKE in the same reference
platform is shown in Fig. 15.

X. CONCLUSION

A new micro-architecture compatible with Intel’s CORE2
DUO processor is presented in 45 nm CMOS technology. This
micro-architecture has been optimized for Mobile Internet De-
vices by carefully adding performance features that are power-
efficient; a two-issue, in-order pipeline supporting simultaneous
multi-threading achieved the best performance/power results.
Various power management techniques have been used to lower
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Fig. 15. Total power as a function of core frequency and process corner mea-
sured in a reference platform running QUAKE for 30 minutes.

dynamic and leakage power. Architecturally, a new C-6 power
state is used where its core power supply is shut-down resulting
in very low leakage power. As a result, average and idle power
are substantially reduced. Addressing dynamic power reduction,
various techniques are used: a non-gridded clock distribution to
minimize dynamic clock power, register file and 6 T bitcells are
optimized to operate reliably at the lowest core power supply,
pervasive use of traditional clock gating, and the availability
of a CMOS FSB. Addressing leakage power, word-line driver
gating and floating bit-lines have been used along with com-
plete shut-down of unused L2 cache sub-arrays. Finally, a split
VCCP FSB power supply has been introduced to further reduce
idle power. This processor is suitable for MIDs given the range
(~0.65 W to 2.0 W) of measured TDP power on real world ap-
plications. 2 GHz core frequencies can be achieved at 1.0 V and
90°C.
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