


Ultra Port Architecture.® Table 1 shows the characteristics of
these architectures.

Our system architects have made the following cumula-
tive improvements in bus capacity:

Increased bus clock rates from 40 MHz to 100 MHz by
using faster bus-driving logic.*

Changed from a circuit-switched protocol to a packet-
switched protocol. In a circuit-switched organization,
each processor’s bus request must complete before the
next can begin. Packet switching separates the requests
from the replies, letting bus transactions from several
processors overlap.

Separated the addresses and data onto distinct wires so
that addresses and data no longer have to compete with
each other for transmission.

Interleaved multiple snoop buses. Using four address
buses allows four addresses to be snooped in parallel.
The physical memory space is divided into quarters, and
each address bus snoops a different quarter of the
memory.

Doubled the cache block size from 32 bytes to 64. Since
each cache block requires a snoop, doubling the cache

line width allows twice as much data bandwidth for a
given snoop rate.

= Widened the data wires from 8 bytes to 16 bytes to move
twice as much data per clock.

The combined effect of these improvements has been to
increase bus snooping rates from 2.5 million snoops per
second on our 600MP in 1991 to 167 million snoops per sec-
ond on the Starfire in 1997—a 66-fold increase in six years.
Combined with a two-times wider cache line, this has
allowed data bandwidths to increase by 133 times.

Ultra Port Architecture interconnect

All current Sun workstations and servers use Sun’s Ultra
Port Architecture.® The UPA provides writeback MOESI
(exclusive modified, shared modified, exclusive clean, shared
clean, and invalid) coherency on 64-byte-wide cache blocks.
The UPA uses packet-switched transactions with separate
address and 18-byte-wide data lines, including two bytes of
error-correcting code (ECC).

We have developed small, medium, and large implemen-
tations of the Ultra Port Architecture, as shown in Figure 2,
to optimize for different parts of the price spectrum. The

Table 1. Sun interconnect generations.

MBus XDBus Ultra Port Architecture
Architecture 1990 1993 1996
Bus improvements
Bus clock 40 MHz 40-55 MHz 83.3-100 MHz
Bus protocol Circuit switched Packet switched Packet switched
Address and data information Multiplexed on same wires Multiplexed on same wires Separate wires
Maximum number of interleaved buses 1 4 4
Cache block size 32 bytes 64 bytes 64 bytes
Data port width 8 bytes 8 bytes 16 bytes
Maximum interconnect performance
Snoops/bus/clock 1/16 1/11 1/2
Maximum snooping rate 2.5 million/s 20 million/s 167 million/s
Corresponding maximum data bandwidth 80 MBps 1,280 MBps 10,667 MBps
Ultra 450 Ultra 6000 Starfire Ultra 10000
1-4 processors 6-30 processors 24-64 processors
- ] || System 3 o = System 5|
B ks ; board ﬁ 211 board ﬁ
s 2 3 g 2 g
= o S © %) ©
c = » ystem| | H— System
38 = B board 3 ¢ ||[F board g
= 2 5
£ g ] =3 T |3
/O bridges|—« < Sys‘tem = 5 Sys'tem o
() B o [H=—] —
1 Memory }—] board & % 1|/ board 5l
(@) (b) (c)

40

IEEE Micro

Figure 2. Three Ultra Port Architecture implementations: (a) a small system consisting of a single board with four proces-
sors, I/O interfaces, and memory; (b) a medium-sized system with one address bus and a wide data bus between boards;
and (c) a large system with four address buses and a data crossbar between boards.




small system’s centralized coherency controller and small
data crossbar provide the lowest possible cost and memory
latency within the limited expansion needs of a single-board
system. The medium-sized system’s Gigaplane bus* provides
a broad range of expandability and the lowest possible mem-
ory latency. In the large system, Starfire’s multiple-address
broadcast routers and data crossbar extend the UPA family’s
bandwidth by four times and provide the unique ability to
dynamically repartition and hot swap the system boards.

Starbre design choices

In the fall of 1993, we set out to implement the largest cen-
terplane-connected, Ultra Port Architecture-based system that
could be squeezed into one large cabinet. Our goals were to

= increase system address and data bandwidth by four
times over the medium-sized Ultra 6000 system,

= provide a new dimension of Unix server flexibility with
Dynamic System Domains, and

= improve system reliability, availability, and serviceability.

Our team had already implemented three previous gen-
eration enterprise servers. When we started designing the
Starfire, our top-of-the-line product was the 64-processor
CS6400, which used the SuperSparc processor and the
XDBus interconnect. Since the scale of the CS6400 worked
well, we decided to carry over many of its concepts to the
new UltraSparc/UPA technology generation.

We made the following design choices:

= Four-way interleaved address buses for the necessary

snooping bandwidth. This approach had worked well
on our 64-processor XDBus-generation system. Each
address bus covers 1/4 of the physical address space.
The buses snoop on every other cycle and update the
duplicate tags in alternate cycles. At an 83.3-MHz system
clock, Starfire’s coherency rate is 167 million snoops per
second. Multiplied by the Ultra Port Architecture’s 64-
byte cache line width, this is enough for a 10,667-
megabyte-per-second (MBps)
data rate.

e A 16 x 16 data crossbar. To

= Point-to-point routing. We wanted to keep failures on
one system board from affecting other system boards,
and we wanted the capability to dynamically partition
the system. To electrically isolate the boards, we used
point-to-point router ASICs (application-specific inte-
grated circuits) for the entire interconnect—data, arbi-
tration, and the four address buses. Also, across a large
cabinet, point-to-point wires can be clocked faster than
bused signals.

= An active centerplane.The natural place to mount the
router ASICs was on the centerplane, which is physi-
cally and electrically in the middle of the system.

= A system service processor (SSBh our previous system
it was very useful to have a known-good system that
was physically separate from the server. We connected
the SSP via Ethernet to Starfire’s control boards, where
it has access to internal ASIC status information.

Starbre interconnect

Like most multiboard systems, Starfire has a two-level
interconnect. The on-board interconnect conveys traffic from
the processors, SBus cards, and memory to the off-board
address and data ports. The centerplane interconnect trans-
fers addresses and data between the boards.

Memory accesses always traverse the global interconnect,
even if the requested memory location is physically on the
same board. Addresses must be sent off board anyway to
accomplish global snooping. Data transfers are highly
pipelined, and local shortcuts to save a few cycles would
have unduly complicated the design. As with the rest of the
Ultra server family, Starfire’s uniform-memory-access time is
independent of the board where memory is located.

Address interconnect. Table 2 (next page) characterizes
the address interconnect. Address transactions take two
cycles. The two low-order cache-block address bits deter-
mine which address bus to use.

Data interconnect. Table 3 characterizes the data inter-
connect. Data packets take four cycles. In the case of a load-
miss, the missed-upon 16 bytes are sent first. The Starfire
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Table 2. Address interconnect.

ASICs per ASICs on
Unit ASIC type Purpose system board centerplane
Port controller PC Controls two UPA address-bus ports 3 0
Coherency interface controller CIiC Maintains duplicate tags to snoop local caches 4 0
Memory controller MC Controls four DRAM banks 1 0
UPA to SBus SYSIO Bridges UPA to SBus 2 0
Local address arbiter LAARB mode of XARB Arbitrates local address requests 1 0
Global address arbiter GAARB mode of XARB Arbitrates global requests for an address bus 0 4
Global address bus GAB mode of 4 XMUXes Connects a CIC on every board 0 16
Table 3. Data interconnect.
ASICs per ASICs on
Unit ASIC type Purpose system board centerplane
UltraSparc data buffer uDB Buffers data from the processor;
generates and checks ECC 8 0
Pack/unpack Pack mode of 2 XMUXes Assembles and disassembles data into
72-byte memory blocks 4 0
Data buffer DB Buffers data from two UPA data-bus ports 4 0
Local data arbiter LDARB mode of XARB Arbitrates on-board data requests 1 0
Local data router LDR mode of 4 XMUXes Connects four Starfire data buffers
to a crossbar port 4 0
Global data arbiter GDARB Arbitrates requests for the data crossbar 0 2
Global data router GDR mode of 12 XMUXes 16 x 16 x 18-byte crossbar between the boards 0 12

data buffer ASICs provide temporary storage for packets that
are waiting their turn to be moved across the centerplane.
The local and global routers are not buffered, and transfers
take a fixed eight clocks from the data buffer on the send-
ing board to the data buffer on the receiving board.

Interconnect operation. An example of a load-miss to
memory illustrates Starfire’s interconnect operation. The
interconnect diagram in Figure 4 shows the steps listed in
Table 4 (on page 44).

Buses versus point-to-point routers. Starfire’s pin-to-
pin latency for a load-miss is 38 clocks (468 nanoseconds),
counting from the cycle when the address request leaves the
processor through the cycle when data arrives at the proces-
sor. The medium-sized Ultra 6000’s bus takes only 18 clocks
(216 ns).

Buses have lower latencies than routers: a bus takes only
1 clock to move information from one system component to
another. A router, on the other hand, takes 3 clocks to move
information: a cycle on the wires to the router, a cycle inside
the routing chip, and another cycle on the wires to the receiv-
ing chip. Buses are the preferred interconnect topology for
small and medium-sized systems.

Ultra 10000 designers used routers with point-to-point
interconnects to emphasize bandwidth, partitioning, and reli-
ability, availability, and serviceability. Ultra 6000 designers
used a bus to optimize for low latency and economy over a
broad product range.
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Starbre packaging

Starfire’s cabinet is 70 inches tall x 34 inches wide x 46
inches deep. Inside are two rows of eight system boards
mounted on either side of a centerplane. Starfire is our fourth
generation of centerplane-based systems.

Besides the card cage, power supply, and cooling system,
the cabinet has room for three disk trays. The remaining periph-
erals are housed separately in standard Sun peripheral racks.

Starfire performs two levels of power conversion. Up to
eight N+ 1 redundant bulk supplies convert from 220 Vac to
48 Vdc, which is then distributed to each board. On-board
supplies convert from 48 Vdc to 3.3 and 5 Vdc. Having local
power supplies facilitates the hot swap of system boards.

Starfire uses 12 hot-pluggable fan trays, half above and
half below the card cage. Fan speed is automatically con-
trolled to reduce noise in normal environmental conditions.

Centerplane. The centerplane holds the 20 address ASICs
and 14 data ASICs that route information between the 16 sys-
tem-board sockets. It is 27 inches wide x 18 inches tall x 141
mils thick, with 14 signal layers and 14 power layers. The
net density utilization is nearly 100%. We routed approxi-
mately 95% of the 14,000 nets by hand. There are approxi-
mately 2 miles of wire etch and 43,000 holes.

Board spacing is 3 inches to allow enough airflow to cool
the four 45-watt processor modules on each system board.
Signal lengths had to be minimized to run a 10-ns system
clock across 16 boards. The maximum etched wire length is
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Figure 4. Interconnect steps for a load-miss from memory.
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an active centerplane-crossbar inter-
connect is money well spent, since

it leverages the processors, memory,
disks, and software that dominate a
system’s cost. Starfire’s router-based

Percentage of total 5-year cost

implementation of the Ultra Port 15
Architecture has extended Sun’s
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Ultra server family bandwidth by a
factor of four times. We did, howev-
er, pay a two-times penalty in pin-to-
pin latency compared with the Ultra
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6000; this is more than we would
have liked. In the next generation,
we expect to reduce the large-serv-
er latency penalty.

The error isolation of Starfire’s point-to-point wires makes
possible the flexibility of Dynamic System Domains and
improves system availability and serviceability. Starfire uses
the same processor modules and dual in-line memory mod-
ules as the midrange server, but its higher bandwidth and
domain enhancements require a unique system board. We
will extend router and system-domain technology down to
the next generation of midrange servers, allowing us to use
more common components across the family spectrum. @
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6000 with bus interconnect and (b) the Starfire Ultra
10000 with crossbar interconnect.
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