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A 0.2-um, 1.8-V, SOI, 550-MHz, 64-b PowerPC
Microprocessor with Copper Interconnects

Anthony G. Aipperspach, David H. Allen, Dennis T. Cox, Nghia V. Phan, and Salvatore N. Storino

Abstract—A 550-MHz 64-b PowerPC processor in 0.2-um TABLE |
silicon-on-insulator (SOI) copper technology achieves a 22% PHYSICAL, ELECTRICAL, AND TECHNOLOGY COMPARISON
frequency gain over a similar design in a CMOS bulk technology.
Performance gains are 15%—40% at the circuit level, 24%—-28% CMOS6S2) CMOS7S |CMOSTS SOl
for critical paths. Unique SOI design aspects such as history Core Clock Frequency | 350MHz | 450MHz 550MHz
effect, lowered noise margins, parasitic bipolar current, and self- Supply Voltage 2.5V 1.8V 1.8V
heating are considered. Power 3aw 22W 24W
. L i 12M 4N
Index Terms—CMOS memory integrated circuits, integrated Tr;_ns'ss_mrs 5 3 3 3am >
circuit design, integrated circuit noise, microprocessors, silicon- e Size 162mm~ | 139mm 139mm
on-insulator (SO|) techn0|ogy_ Poly pitch/2 0.35um 0.22um 0.22um
L (NFET) 0.18um 0.12um 0.12um
Tox 5.0nm 3.5nm 3.5nm
. INTRODUCTION Metalization 5 layers Al |6 layers Cu| 6 layers Cu
HE basis for this processor design was a 350-MHz, 64-b Contacted M2-M4 pitch| 1.26um 0.81um 0.81um
PowerPC processor fabricated in a 2.5-V, O.3B-bulk
CMOS technology with five layers of aluminum wiring [1]. 800
This design was migrated to a 0.221 bulk CMOS technol-
ogy with copper interconnects and multithreshold transistors 700 - === ==CMOST7S SOI
[2]. In addition to the technology migration, some architectural 600 ________.-- oSS
changes were made to improve the number of instructiorﬁHz 500 | _mem=="""" I
executed per cycle. Both the instruction and data caches were ™ 400 | . cosmseme===""" Cvossss
doubled to 128 kbyte, and a 256-kbyte L2 directory was added. 300 [ ___________..._._---—-—-"
These and other changes increased the transistor count from 200 e
12 to 34 million devices. The design was further migrated to a
0.22um SOI process, which also uses six layers of copper 100 Tow Nominal Fast
wiring [3]. Table | describes in more detail the physical, Processing

electrical, and technology attributes of the original design and
the two-step migration that leads to the development of the. 1. Hardware frequency measurements.
silicon-on-insulator (SOI) processor described in this paper.

Note the progression in core clock frequency from 350 t0 43%inm wiring. The first conversion was a shrink to CMOS7S,
MHz in bulk technologies and then to 550 MHz in SOI. Thg, ¢onner metallization technology. This resulted in a 29%
decreaseln.the supply voltage.from 2.5?[0 1.8 Vresultedin Ielﬁ%rovement in core clock frequency, achieving 450 MHz
power despite the nearly 30% increase in clock frequency. The nominal hardware. The result of a further conversion to

22% increase in clock frequency in the SOI design resulted M\10s7s sOI technology is hardware capable of running at
less than a 10% increase in power at the same voltage SUpglp MHz. a further 22% frequency gain.

The technology shrink resulted in a smaller die size despite
the larger L1 caches and the addition of the L2 directory. A. Circuit Delay Reduction in SOI

The improvement in operating frequency in SOI is a direct
result of a reduction in the delay through circuits in frequency-

Fig. 1 illustrates the improvements in cycle time startinymiting critical paths. The delay improvement of circuits is
with the original design and progressing through the two-stagkaracteristic of SOI [4] and depends on the topology of the
conversion, which led to the SOI microprocessor describedcuit. Generally, the more topologically complex the circuit,
in this paper. The original design, shown for reference, wéise more leverage SOI provides. This is especially true of
fabricated in CMOS6S2, which is a bulk technology using al@ircuits using stacked transistors since the body voltage is

i ) ) rarely negative with respect to the source. The performance
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Fig. 2. Circuit delay improvements in SOl CMOS7S bulk versus CMOS7S
SOl. CMOS7S bulk: 1.4ns CMOS7S SOI: 1.1ns

Fig. 3. DCache address path.

circuits such as inverters and two-inpuaND gates realized
a gain of 15-20%. More complex circuits with higher stacks,

) S TABLE I
such as four-inpulNAND gates andAND-OR-INVERT circuits, PATH DELAY IMPROVEMENT IN SOI
resulted in a 25-40% improvement. Dynamic circuits, which
tend to be dominated by the delay through NFET stacks, o | CMOS6 CMOS7S CMOS7s
: _ ’ > Path Circuit 52 sol
improved 15-25%. The improvement in the access time of a Type
an SRAM, shown here as 20%, is highly dependent on the _ delay [delay| a |delay| b
organization of the array and on which parasitics tend to ___Rotater  [dynamic| 1.37ns |1.04ns)-24%|0.83ns |-20%

Adder dynamic| 1.13ns |0.84ns|-26%| 0.66ns |-21%

dominate the delay.
y Branch predict | static 3.3ns 2.1ns |-36%| 1.7ns |-19%

. ICache read array 2.0ns 1.3ns |-35%| 1.1ins |-15%

B. Path Delay Improvement in SOI DCache address | static + | 1.7ns | 1.4ns |-18%| 1.ins |-21%

Since the improvement of individual circuits in SOI depends dynamic

: . . . . FXR read array 0.95ns |0.57ns|-40%/| 0.48ns |-16%

upon their topologies, the improvement in overall cycle time
provided by SOl is the net effect of the improvement of all of
the individual circuits composing the frequency-limiting criti-
cal paths. Table Il describes six paths composed of a variéwitching history. A consequence of this “history effect” is
of circuit types. Each row describes a separate delay path. Tthat the delay through a particular circuit or path cannot be
first two columns describe the path and the dominant circgitedicted without full knowledge of the prior states and tran-
type. For reference, the delay through the path in the origirgitions of the circuit—information that static timing tools do
CMOS6S2 design is shown in the third column from the leffiot possess. The history effect on delays is highly dependent
The fourth and fifth columns, under the heading CMOS78 circuit topology, environment, and other factors. For a gate-
show the delay through each path and the improvement ateel circuit, history effect is on the order of up to 8% faster or
result of the migration to a bulk technology with copper wiringslower than the delay when the circuit is frequently switched.
The last two columns show the delay and the improvement Bherefore, a long path comprising a number of different circuit
each path as a result of the migration to SOI. The migration @ements with varying tendency toward the history effect will
SOl improved these six paths 15-21% over that of the sam@&ely accumulate more than a few percent difference in delay.
paths in bulk. Fig. 3 illustrates the topology of one of th&lowever, short paths can be more of a concern.
paths shown in the Table Il, the data cache address generatioho account for the SOI history effect in static timing, we
and setup. This path combines elements of static, domino, @fse to add a small margin to our latch hold tests to protect
array circuits, as well as significant wire loading, and improvetgainst early mode problems. For late mode timing, we assume

21% in SOI over the same path in a bulk technology. a history that does not suppose that circuits in a long path are
initialized to either the fastest or the slowest possible body
Ill. CIRCUIT DESIGN CHALLENGES IN SOI voltages. To verify the correctness of this assumption, test

Thi thus far has dealt with the i ti E‘:tterns directed at exposing history effects were run on the
IS paper thus far has dealt wi € Improvement In CyCE, rqware. Within the limits of our test setup and procedures,

time that was ac_hieved by mapping a bulk design to an sf%lstory effects produced no variability in cycle time, and no
technology. SOI introduces a number of concerns that are qu
t

; Lt path failures were observed.
presentlln bglk CMOS. MOSt of these concems are due to eFig. 4 illustrates the range of delays that are predicted for a
uncertainty in the potential of the FET body.

simple gate depending on the input switching history. Forcing

) o the body voltages to the highest or lowest possible values

A. History Effect on Timing results in delays somewhat outside those observed when a
The potential of the body with respect to ground is eandom set of patterns is used to precondition body voltages.

function of many factors, including the circuit topology ando avoid being too optimistic or pessimistic in long path
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Fig. 4. History effect on OR-AND-INVERT (OAl) gate. i < re-ordered pulldown tree

Fig. 5. Dynamic circuit design technigues in SOI.

timing, timing models for individual circuits were generated
assuming a history that results in a delay slightly slower than
the average delay observed using random patterns. Becapfgslischarge device is a PFET, the same clock that is used
of the catastrophic nature of fast-path or early mode failurdg, gate the precharge device can control the predischarging
the most pessimistic, or fastest, history was assumed for timiéigvice. Provided that the input transitions are reasonably
models generated for early mode timing. As mentioned earliéast, an input can be used to gate a PFET predischarge
an additional safety margin was added, as is usually donedgvice, but device-level simulations should be used to ensure
ensure against other delay variables such as on-chip prodéeé crowbar current through the predischarge device does
variation and power-supply noise. not inadvertently prevent precharge of the circuit. While
predischarging is not advisable in a bulk design due to charge
sharing, predischarging can be exploited in SOl because of
the reduced diffusion capacitances. Reordering the NFET
Ef&gic tree of a dynamic circuit to position the widest parallel
. . rHroup of transistors at the bottom of the stack prevents
flow from the drain to t_h_e source of an othervylsglz FET heir bodies from charging high and thereby reduces para-
through a parallel para_smc bipolar tr_an3|stor_. Th's IS gen_eral Ytic bipolar current. This topology would be nonoptimal in
notasgrlous problem in fully restorl_ng, static cwcwts. chu%ulk but is possible in SOI because of the lesser concern
topolpgles that dot together very wide para”(.al. devices, S.U.SOer charge sharing. Likewise, reordering inputs in multiple-
as wide muxes andr gates, can see a sgmﬁgant par"’I‘Q’mﬁngered stacked transistors can reduce the opportunity for
current, which may affect delay._Dynam!c circuits and arra_)fﬁpolar current by 50%. By rearranging inputs such that
are at the greatest risk of fu_nctlona_l failure due to para&%e signal connecting to the gate of the higher transistor
bipolar current and may require design changes. in one stack connects to the lower transistor in the other
] o o stack, at most only one-half of the transistor bodies would
C. Lowered Noise Margin in Dynamic Circuits be allowed to charge high and enable parasitic bipolar current.

The floating body in SOI transistors leads to uncertainty iRemapping is the technique of moving Boolean inputs forward
threshold voltages, which in turn means lower noise margins backward in a cone of logic to reduce the parallel stacks,
for dynamic circuits. A lower noise margin, coupled withwvhich potentially cause parasitic bipolar current. In some
other mechanisms that erode stored charge in dynamic circuisses, inputs can be remapped to static circuits, eliminating any
requires additional attention in dynamic circuit design, amdlynamic circuit concerns entirely. Complex domino structures
may require some redesign of circuits that were originalieplace the output inverter of a domino gate with a static
intended for a bulk technology. Several design techniqussND or NOR gate, allowing multiple precharged signals to
were used to improve the noise immunity of dynamic circuitse logically combined and buffered. This circuit style can be
in SOI while minimizing any impact on their delay (seaused to break up large parallel NFET logic trees, which would
Fig. 5). These techniques include setting up inputs during tbéherwise induce intolerable parasitic bipolar currents. The
precharge phase, cross-connecting inputs to stacked deviceduced loading on the precharge nodes and the improvement
predischarging intermediate nodes, reordering the pulldownthe performance of stacked structures make this technique
stack, and remapping logic. especially effective in SOI.

Predischarging is a simple technique that discharges in-Provided that the worst case environmental conditions for
termediate nodes so that the bodies of transistors high irdgnamic circuit noise immunity are known in advance and
stack are prevented from charging. This prevents both parasiinited (for example, during test and reliability stress screens),
bipolar current and sensitivity to input noise caused by tleelogical state can be added to the design that causes circuits at
positive body effect on threshold voltages. Note that thissk to trade off circuit delay for noise immunity. In dynamic
assumes that inputs gating devices in the stack above tieuits, additional feedback was provided during periods of
predischarged node are low during precharge (for instanextreme temperatures and voltages through use of a half-
coming from the outputs of other domino circuits). If thdatch conditionally gated by a test signal. The delay added

B. Parasitic Bipolar Current

Dynamic circuits, and some static circuit families, are
risk due to the parasitic bipolar effect. This allows curre
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Fig. 6. Self-heating in a non;ooted domino gate. I(bp)_-:_m_/'\\_r\\_
by the additional feedback is inconsequential during stress @

testing, and the impact on the delay during normal operation
is insignificant.

D. Self-Heating

Device self-heating can occur because of the thermal re-
sistance of the buried oxide layer. Devices of concern are
those that are in a high current state for a significant portion
of the clock cycle, such as some off-chip drivers. Generally,
in typical CMOS circuits, where transistors sink or source [ | At~10%
current for only a small fraction of the clock cycle, self- (b)
heating will not be significant. Some special cases, such FE}& 7. Effect of bipolar current on SRAM write-cycle timing. (a) Bipolar
off-chip drivers driving heavy loads and domino circuits irurrent during write cycles. (b) Increase in cell write time due to bipolar
precharge contention, merit additional attention. An examptarent.
shown in Fig. 6 is a simple domino circuit that does not contain

a foot device in the pulldown stack. When the clock goggansfer devices, which are tied to the falling bitline, will drop
low to begin the precharge phase, current will flow througfe|ow their body voltage, causing the parasitic bipolar device
PO, NO, and N1 until either A or B goes low. If this doesg conduct current. The value of this current is relatively small
not happen until late in the precharge phase, the devices llaach of the cells, but together they add up to a significant
heat slightly and be slower during subsequent evaluate afidount. The waveforms in Fig. 7 illustrate the additional time
precharge phases. However, modeling shows that significg&uired to write the cell resulting from this additional current.
current, even when repeated every cycle for a long periagp sybsequent cycles, the bipolar current reduces very quickly.
results in a temperature rise of only a few degrees and hagf forward biasing of the bipolar current reduces the body
small impact on delay. This effect may be more significant ify|tage delta so only the first couple of switches will show this
circuits that sink or source high currents for a larger fraction @kfect. The designer must ensure that the write driver devices
the cycle. An example is an heavily loaded off-chip driver witQ e of sufficient size and the pulse width of the selecting

a high switching factor, which could experience a temperatuggnals are of sufficient width to maintain functionality when
increase of 10-15C. this oceurs.

IV. ARRAY DESIGN CHALLENGES IN SOI B. READ Cycle

Array design in SOI presents many of the same challengesA second effect that must be considered in an SOI tech-

as does dynamic circuit design, such as the effect of switchiﬂgk)gy occurs during a READ cycle. In an SOI technology
history on timing chains. Other effects unique to array deSigﬂodeling both the states and the histories of nonselected

include parasitic bipolar current during the write operationy s sharing a common bitline with a selected cell is critical
bitline leakage during the read operation, and sense ampl'ffﬁrpredicting performance, much more so than in a bulk

drift. technology. Two effects must be considered when modeling
array cells in SOI.

A. WRITE Cycle The first deals with the source capacitance of the transfer
A major concern to the array designer in an SOI technologlevices on the common bitlines. If all cells on a bitline pair
is dealing with the parasitic bipolar effect. Since arrays conseste at the same state, the capacitance of the bitline dotted
of many cells dotted together, an access to one of the cdlisthe transfer gates on the logical “1” side is about 10%

can induce bipolar current from the other cells. If the arrayore than the bitline on the logical “0” side. When setting the
has been sitting in the precharge condition for a long timsignal margin at the sense amplifier, it is important that the
and all the cells have the same data stored in them, the bodiesselected cells are initialized correctly to present the worst
of the transfer devices will leak to a “VDD” level on the “1” case capacitance.

side of the cells. If the initial access intends to WRITE one of The second effect deals with leakage currents. Since the
these cells to the opposite value, the sources of the nonselettedies of the transfer devices are floating, the leakage currents
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sense amp signal (magnified 10X) introduces additional design challenges, especially in dynamic
circuits and arrays, circuits originally designed for a bulk tech-

nology can be made SOIl-compatible without compromising

the benefits of SOI.
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Anthony G. Aipperspach received the B.S. degree
in electrical engineering from Montana State Uni-
versity, Bozeman, in 1979.

In 1979, he joined IBM Rochester Development
Laboratory, Rochester, MN, where he was involved
in the design of an on-chip DRAM in 3m NMOS.
From 1981 to 1993, he was involved with various

David H. Allen received the B.S. degree in
electrical engineering from the University of
Kansas, Lawrence, in 1980.

He was involved in the design of high-speed
memory, logic, and custom circuits at Intel
(Portland, OR), VTC (Bloomington, MN), and
Micron Technology (Boise, ID) before joining
IBM’s AS/400 Division in Rochester, MN, in 1992.
Ny Since then, he has developed PowerPC processors

\\ for AS/400 and RS/6000 servers. He is currently

C. Sense Amp Mismatch W
A third effect involves sense amplifier design. If the bodie/’f'* sl
of the cross-coupled NFET'’s are left floating, and the sanﬂﬂm\k\_ { _ vors 1IE
. . . leading the future processor circuit design team for
data value is sensed many times, a body voltage mismatch IBM server development.
develops. Since the body voltages directly affect the threshold
voltages of the NFET's, a VT mismatch develops. In the
nominal case, this effect is about 70 mV. However, at a higher
supply voltage, this effect can cause a mismatch of more than
100 mV. By tying the bodies of the cross-coupled NFET'~ Dennis T. Cox received the B.S. degree from the

together, the floating body effect on sense amp mismatch University of Wisconsin, Madison, in 1970 and the

e M.S. degree from Syracuse University, Syracuse,
eliminated. NY, both in electrical engineering

He developed SRAM and PLA designs with IBM
Circuit Technology, Kingston, NY. In 1976, he
joined IBM Circuit Technology, Rochester, MN,
where he incorporated automatic macro generation
into the ASIC design system. Most recently, he has
been Technology Leader on several generations of
PowerPC processors for IBM server development.

V. CONCLUSIONS

In conclusion, the hardware resulting from our experienc
in designing this SOI microprocessor demonstrates the pgé
formance leverage provided by SOI technology. While S®



AIPPERSPACHet al. POWERPC MICROPROCESSOR

Nghia V. Phanreceived the B.S. degree in electrical
engineering from Wilkes College, Wilkes-Barre, PA,
in 1976.

He worked for Compact Video from 1976 to
1977 as a Video Production Engineer. He joinec
IBM Circuit Technology, Rochester, MN, designing
processors for AS/400 and RS6000. He has bee
involved in various bipolar/BiCMOS processors and
SRAM's and CMOS processors, and is presentl
involved in CMOS_SOI processors. He is currently
a Senior Design Engineer with the IBM PowerPC

processor design team in Rochester.

1435

Salvatore N. Storinoreceived the B.S. degree from
the University of lllinois, Urbana, in 1982 and
the M.S. degree from the University of Minnesota,
Minneapolis, in 1990, both in electrical engineering.

In 1990, he joined IBM’s AS/400 Development
organization in Rochester, MN, where he was in-
volved with high-performance microprocessor de-
velopment for commercial servers. His current work
has been in advanced custom ALU’s, high-speed
VLSI circuits, and technology applications for cop-
per interconnects and SOI devices.



