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The  basic  component  of  the  new IBM 
Enterprise  System/9000"  Type  9121  Model  320 
processor is  an  air-cooled  thermal  conduction 
module  (TCM).  The  fabrication  of  this  module 
required  the  integration of  new bipolar  chips, 
CMOS SRAM chips, and ECL and  DCS  logic 
circuitry in a TCM  that  could  dissipate  heat  by 
means  of  air  cooling.  The  method  and  details 
of this  process of integration  are  described 
and  discussed. 

Introduction 
This paper discusses how the selection of bipolar logic 
chips, CMOS  SRAM chips, and  an enhanced TCM  made 
possible the IBM Enterprise System/9000" Type 9121 
Model 320  (9121-320) air-cooled single-frame processor. 
The use of  DCS circuits [ l ,  21 in a 2600-gate array and the 
integration of  128Kb  CMOS  SRAM  [3, 41 chips on the 
TCM are described. The enhanced TCM, with  63 layers 
with top-surface thin-film  metallurgy for redistribution [ 5 ] ,  

contains 121 chip sites and is capable of dissipating up to 
600 W using air rather than water for cooling. The 
processor can provide a uniprocessor with vector facility 
or a dyadic processor in a single frame. Its performance is 
equivalent to that of an Enterprise System/3090TM  Model 
180E processor, or four times that of an air-cooled 
Enterprise System/4381TM  Model  91E processor. 

Bipolar  logic  chip 
The bipolar logic chip contains over 350 different circuits 
from two independent and interchangeable circuit families: 
differential current switch (DCS) and emitter-coupled logic 
(ECL). The chip is designed to provide flexibility  in 
selecting circuits with various speed-power options. A 
large number of  logic functions are provided by each 
circuit family, most  with two to four programmable 
speed-power options ranging from 100-ps, 7-mW circuits 
for performance-critical applications to 500-ps,  1-mW 
circuits for power-critical applications. A family of 
embedded arrays provide dense,  fast on-chip-addressable 
storage. Conversion circuits are also provided for 
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Bipolar logic chip front view. 

communication  between  ECL  and DCS circuits,  to 
compensate  for differing signal swings.  Emitter-follower, 
push-pull, and bidirectional drivers  are provided for off- 
chip  communication. 

The bipolar chip is designed with the IBM advanced 
semiconductor  transistor  process using 1-pm lithography 
technology  with  polysilicon and  four levels of metal 
interconnect wiring on  the chip. It  measures 6.5 x 6.5 mm 

and  contains 10 480 internal cells which can  provide  either 
5200 ECL circuits or 2600 DCS  circuits.  Three  power 
supplies are required: Vcc = 1.4 V, V,  = -0.7 V, and 
V,, = -2.2 V. The  reference voltage V ,  is  ground.  There 
are a  total of 549 chip I/O pads, of which 228 are signal 110 
and 321 are  power  pads. Figure 1 shows  the  front view of 
the  chip with I/O pads. The bipolar logic chip design 
parameters  are  summarized in Table 1. 343 
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Table 1 Design parameters of the bipolar logic chip. 

Chip size: 6.5 X 6.5 mm 
Process ground 

Isolation: polysilicon trench 
Metallization: four levels 
NPN transistor: Polysilicon base and emitter 
Cell capacity: 5240 internal cells (ECL) 

rule: 1 Pm 

Two internal cells = one DCS  cell 
360 I/O cells 

Number of I/Os: 228 signal, 321 power 
Maximum power: 10 W (on air-cooled TCM) 
Power supplies: V,, (1.4 V), Vr (0.0 V), 

Circuit offerings: Internal: emitter-coupled logic (ECL) 
differential current switch (DCS) 
embedded arrays (ECL I/O) 

External: Emitter-follower, Push-pull, 
and bidirectional drivers 

V, (-0.7 V),  V,, (-2.2 V) 

Performance: DCS 150 ps at 7.0 mW 
200 ps at 3.8 mW 
280 ps at 2.0 mW 
440 ps at 1.3 mW 344 
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Emitter-coupled logic (ECL)  has  been  used in the  IBM 
mainframes in the  past,  starting with System/370TM, 
System/3090TM, and System/390TM water-cooled models. 
ECL technology provides  speed but dissipates high power, 
requiring water cooling. The  basic  ECL  circuit is shown in 
Figure 2. 

increased power  dissipated by the logic circuit  as  the 
circuit density  increases.  The air-cooled  models 
predominantly use  DCS  circuits  because  their  speed/power 
ratio  is superior  to  that of ECL.  The basic DCS low-power 
internal  two-way selector  circuit is shown in Figure 3. The 
two circuit  families are  compared  and  the  advantages of 
DCS over  ECL  for  certain  applications  are  described in 
[2]. DCS  is a form of cascode logic using  vertically stacked 
or  cascoded  current  switches  to  provide  more logic 
function  per  current  source.  DCS,  however,  can  use  the 
same  power supply  voltages as ECL.  DCS  circuits  satisfy 
the low power dissipation requirements  for  the air-cooled 
mainframe and  can  be  powered in a manner  that is 
compatible with other ES/9000TM and ES/3090TM processors. 

Multiple internal  cells are used to implement the  basic 
DCS circuit, which is  a  two-way selector (Figure 3). Slight 
modifications of this  circuit produce a two-way  XOR, a 
four-way select, a two-way  AND, a two-way OR,  or a 
two-port  latch [ 2 ] .  Other logic functions  are obtained by 
the  use of a powerful  generalized dotting  capability.  This 
enables  an  AND,  OR,  XOR,  or  SELECT  between  any of 
the basic DCS  functions without adding  additional logic 
stages.  The speed-power improvement  results mainly from 
the reduced signal voltage  levels made possible by the 
differential circuit design. However,  the  DCS circuit  family 
requires  two wires for  every  internal signal and  needs 
more  internal resistors  and  transistors  than  ECL  to 
implement the logic. The  DCS  circuit  provides 1.8 times 
more logic function  than  the  ECL  circuit. 

A  major consideration in an air-cooled system is the 

128Kb CMOS SRAM chip 
The integration of CMOS  chips with  bipolar chips in the 
TCM  increases  its circuit density while reducing its power 
dissipation. This is the first time  that  CMOS technology 
has been  used  in an  IBM  central  processor.  It  was 
designed to  interface with ECL signal levels, which 
required  special  CMOS drivers  and  receivers,  and its 
footprint  matches  the  common  footprint of the  TCM.  The 
CMOS chip design details  are  described in [4]. 

at  the  system level, a single 128Kb SRAM with custom 
features  was used in each of seven different  applications: 
1) writable control  store, 2 )  Ll memory cache, 3) I/O 
processor  cache, 4) store  protect, 5 )  local work  store, 
6)  vector  array,  and 7) memory  configuration array.  The 
custom  features  required  to  accommodate  these 
applications are  shown in Figure 4. The  inputs  are 

To  achieve  the  objectives of low power  and high density 
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DCS low-power two-way selector internal circuit. 

configured to permit  operation in either  an 8-bit or 32-bit 
mode.  In  addition,  there  are write controls which  provide 
masking of any  combination of single bits  in 8-bit mode 
and  any  combination of nibbles (4 bits) in 32-bit mode.  The 
chip  outputs  support  either  an 8-bit or 32-bit output mode 
and off-chip driver gating. Input  and  output  modes  are 
independently  selectable. 

The  SRAM design features pipelining in both the 
address  decoders  and  the  output  circuits, allowing the  chip 
to  be  operated  at a faster-than-access cycle  time. The 
SRAM  access time of less  than 9 ns is essential to support 
a 15-ns system  cycle time. The  access time is important 
because  the  SRAM in its cache  and  control  store 
applications must provide a single-cycle access.  To  achieve 
the  required  access time for all of these  applications, 
innovation  was required both in the physical  design of the 
chip  and in the  circuit design and implementation. The 

chip is organized into  four  quadrants.  One of eight 
subarrays in each  quadrant is selected  at a time,  regardless 
of the read or write  mode  being used.  Each  subarray is 
designed  with all of the flexibility required to read and 
write  in either a 2-bit or 8-bit format  and  to  provide a write 
mask  of either  one of two bits or  one of two nibbles. 

Integrating  this chip within the  TCM  required a unique 
chip burn-in process called  R3 (reduced  radius removal) [4] 
to meet system reliability objectives.  The R3 process 
screens  the  chips  for  defects  before  they  are  mounted  on 
the  TCM. 

The  CMOS SRAM chip  measures 8.8 X 6.5 mm and  has 
the  same  footprint  as  the bipolar  chip. It  has a  total of 321 
chip  pads, of which 136 are  used  for signal I/O and 176 for 
power  pads.  The  chip is  designed  with 1.2-pm N-well 
CMOS with 14-nm gate  oxide,  0.5-pm effective channel 
length, and  three levels of metal  interconnection  on  the 345 
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chip. The  chip  dissipates  only 2 W maximum power, 
providing a worst-case  access time of less  than 9 ns. 
Figure 5 is the  front view  of the  chip, showing four 
quadrants with chip I/O pads  and  power distribution 
metal. 

TCM  package 
The  TCM  package is an  enhanced multilayer ceramic 
substrate [5]  in which both bipolar chips  and CMOS 
SRAM  chips  are  placed  on a common  chip site (Figure 6). 
It is an air-cooled  package capable of cooling a total of 
600 W power  dissipation at  a maximum power of  10 W per 
chip. The air-cooled  package does  not require  a separate 
cooling distribution unit as  do water-cooled systems  such 
as  the 3090TM processors. 

to  meet  its design objectives: 
The  TCM package  required several technical  innovations 

1. A “thin-film’’ copper wire layer  on  the  top of the 
substrate  distributes  chip C4  (controlled collapse  chip 
connection)  pads.  This helps  optimize  electrical signal 
characteristics,  improve reliability, and  reduce required 

346 wiring layers. 

Table 2 Design  parameters of the  thermal  conduction 
module. 

Substrate  size  (mm) 
Substrate  material 
Number of chips 
Chip  size or edge  (mm) 
Chip  pitch  (mm) 
Chip signal IIO 
Cooling 
Chip  power (W) 
Module  power (W) 
Module I/O 
Module  thickness  (mm) 
No. of layers 
EC  pads  per  chip  site 
EC wires 
Top  surface  metallurgy 
Decoupling  caps 
Chip  technology 
Piston  material 
Cooling  media 
Density (logic circuit  count) 

~ ~ 

127.5 X 127.5 
AlumindMo 
121 
6.5 
9.9 
228 
Air 
10 
600 
2772 

63 
11.1 

152 
BECW*/Discrete 
Thin-film Cu 
144 
Bipolar/CMOS 
cu 
Oil 
150-200K 

* Buried EC wiring 

2. Standard  EC (engineering  change)  wires are “built in” 
to  the  ceramic.  This allows faster  response  to design 
changes  and  better electrical  signal attributes. 

3. Decoupling capacitors  are  placed  at  each  comer of the 
chip  site  (Figure 6) to  reduce  package switching noise. 

4. Copper  pistons,  instead of the  aluminum  used  in 
previous  systems, provide improved cooling. 

5. The thermal conduction region between  the  chip  and 
piston  is filled with oil rather  than helium. 

The  TCM  package  description  is  summarized in Table 2. 
The multilayer ceramic  substrate is made  up of  63 layers 
with the thin-film redistribution  circuitry  on  the  top  surface 
(Figure 7). Each  TCM  can  contain 121 chips. 
Approximately 360 meters of interconnecting wire  is used 
in this  module. The  TCM  assembly  cross  section views 
(Figures 8 and 9) indicate the  air flow on  the  attached  heat 
sink. The  copper  pistons  are  immersed  in oil. The  heat 
generated by the  chip is transferred  through  the  piston  to 
the heat sink,  and  from  there it  is forced  outside  the  frame 
by the  blowers located on  top of the  frame. 

System elements 
The  control  elements of the 9121-320 processor [6] 
comprise  the following: 

CPE  (central  processor element). 
BCE (buffer control element). 
SCE  (system  control element). 
CCE  (channel  control element). 
VCE  (vector  control  element). 

In the ESl3090 processor,  the  CPE  and  BCE  functions 
together  required  nine TCMs,  the  SCE  and  CCE  functions 
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these  elements is  mapped into a single, separate  TCM  in 
the 9121 processor [7], reducing the  number of TCMs 
required by a factor of almost 5 .  

91  21 -320 Mainframe 
A mainframe  holds three multilayer boards,  each 
containing two  TCMs (Figure 10). The physical  size of 
these  boards is one third that of the  boards used in 
ES/3090 systems [8]. The tri-lead signal cables  are  used  for 
off-board communication.  The mainframe (Figure 11) 
shows all the  components  packaged.  This  frame  contains 
memory cards, both  parallel and  serial  channels  to  support 
ESCON  connectivity using  fiber-optic cables,  and  ac 
power distribution.  The  power  supplies, which are located 
behind the  board,  are  also air-cooled by  the  blowers 
located  on top of the  frame.  Figure 11 shows a 
uniprocessor with one  vector facility. The mainframe will 
support a dyadic  processor without a vector facility. The 
dyadic processor with vector facility requires  an  additional 
frame to hold the  vector  TCM. 

Summary 
The high density  and low power of the  CMOS SRAM and 
the high logic function  and low power of the bipolar DCS 
internal logic circuits made it  possible to design an  air- 
cooled 9121-320 processor. Technology innovations  and 
package  integration  provided reductions in space,  power, 
and weight with performance  comparable  to  that of the 
much  larger ES/3090 Model  180E, and  four  times  the 
performance of the air-cooled IBM ES/4381TM Model  91E 
processor. 
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