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Abstract

Computational RAM (C*RAM) was previously proposed as a low-cost Single
Instrucuion Muluple Data computing architecture iategrating simple processing
clements (PE) 1into a semiconductor memory circuir. The work presented in this
thesis advances the C*RAM project in two directions. First, a 64 processor array
was designed and integrated with a 64 kbit ASIC memory module in a 0.8 um tri-
ple-metal BiICMOS technology. Interdependent circuit and physical design have
led to a dense PE array, taking 2.7% of the memory area. Functional C*RAM chips
have been tested, allowing the project to continue with system and application
work. Second, a novei bit-parallel oriented PE architecture is proposed and a 512
PE Parallel Computational RAM (PC*RAM) is designed and implemented. The
new PE array can execute bit-parallel add/subtract, comparison and shift-and-add
integer multiplication on programmable length words. All bit-parallel operations
are performed without intermediate memory access, resulting in speed, power con-
sumpuon and system interface advantages over the more traditional bit-serial
SIMD approach.

iii
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Chapter | - Introductom to C*RAM

Chapter 1

Introduction to C*RAM

1.0 The C*RAM Concept

Computational Random Access Memory (abbreviated in the following as C*RAM) is an inte-
grated circuit which adds a large number of minimal processing elements 10 a semiconductor
memory array, Figure 1.1 [ENli92]. A hypothetical commercial C*RAM would have 2048 Pro-
cessing Elements (PE), each having 100-150 transistors, integrated in a 16 megabit Dynamic
RAM. The objective is 10 enhance the memory subsystem of a computer with low-cost local com-
puting power, while conserving its conventional storage function, Figure 1.2. The main advan-
tages of this computing structure are:
a. ituses the wide internal bandwidth inherent in high-density memories, currently wasted or
sparsely used;
b. avoids or minimizes the power dissipated in processor-memory data transport by keeping
applicable computation inside memory, and
¢. itis an incremental change of the well-established conventional computer.

The processing elements are organized in a Single Instruction Multiple Data (SIMD) linear array,
the most economical in terms of silicon area. This memory localized computing structure has a
data parallel nature and maps well to applications in the area of image and video processing,
recently gaining more importance in the workstation/personal computer market. A large number
of other applications can benefit from the fine grain parallelism of C*RAM: scientific (numerical)

1



Chapter 1 - Introduction 1o C*RAM N

computation. database search. data compression. neural and gencue algorithms  Inorder 1o
achieve production vields and market pneing comparable to semiconductor memory. the extra sil-
1con area taken by the processing elements has to be small. estimated at maximum 204% ot the
memaory chip.
£ R
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Fig.1.1(a) Random Access Memory (RAM) Fig.1.1(b) Computational RAM (C*RAM)
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Fig.1.2(a) Conventional computer Fig.1.2(b) C*RAM enhanced computer
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Chupter 1 Intrediction o C*RAM

1.1 Conventional Computers and Integrated Circuits Technology

The vast majonty of computers 1n use today are orgamzed around the structure cailed the Von
Neumann architecture (also referred to as “conventional computer™). This structure has two main
functional blocks. the processor and the memory. The processor does the computauon (logic and
arithmetc) and system control functions, executing instructions and working on data stored in the
memory. Both instructions and data are in binary format and are identified by their address n the
memory. The processor does the address housekeeping, i.e. keeps track of what kind of informa-

uons is stored at which address, in an otherwise uniform binary space.

The tremendous advances in semiconductor integrated electronic circuits in the last three decades
have resulted 1n million-transistor processors being integrated in a single chip (microprocessors)
and have allowed the memory to attain single-chip capacities of 256 megabit. While chip densi-
tics have increased for both elements. the microprocessor speed of operation has advanced much
more than that of integrated memories. The original communication channel between processor
and memory has become more and more of a bottleneck, defined by it's bandwidth in bytes/sec-
ond. The economics of memory pricing have dictated the most significant variation on the von
Neumann structure, namely the introduction of a fast (but expensive) small memory named
“cache™ between the fast microprocessor and the slow (but inexpensive) large main memory. A
processor+memory single chip system has not become a viable alternative for general purpose
computers because programs have surpassed hardware advances by demanding even more

instruction and data memory.
1.2 Parallel Computers - Brief Overview

Functional limits are on the horizon for the conventional structure. Processing speed is the main
limit, bringing with it power and thermal constraints. Processor clocking frequencies have
attained today (end 1994) 200 MHz for mainstream silicon technology (DEC Alpha, [IESp93)).
Beside the speed gap between processors and memory, there are growing technological problems
associated with increasing clock frequencies, especially in the areas of signal integrity and heat
dissipation [Schu93].
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One solution to the these limaits 1s paralle]l processing [Alma93]. [PRI49L] [Pauv4] .\ paralle!
computer has muluple processors executing instructions simultancously. A vast number of struc
tures can be described in this manner. An carly classification was made by Flvnn [Flyn66§ and ha.
the categories:

1. Single Instruction-stream Single Data-stream computers (SISD). the conventional architec-
ture. (

2. Single Insiruction-stream Muluple Data-stream (SIMD): all processors cxecute the same
instruction.

3. Multiple Instruction-stream Multiple Data-stream (MIMD): the processors execute mde-

pendent program flows, processing different data.

Computers with multiple processors or execution units have been built under the generic catego-
ries of superscalar architectures, vector supercomputers, massively parallel processors or Very
Long Instruction Word (VLIW). Superscalar is a characteristic associated with the latest genera-
tion of microprocessors, and refers to the simultaneous execution of two to four instructions, typ-
ically arithmetic operations. Vector supercomputess (e.g. the Cray machines) have an intermediate
number (e.g. 4 to 64) of very powerful processing units and typically use exotic technologies {e.g.
gallium arsenide logic chips, liquid Freon cooling). In a similar vein, recent generations ol main-
frame computers have multiple processors (4 to 8) and use non-mainstream technologies (bipolar
emitter coupled logic, special cooling) {IESp89]. In recent years, a number of massively parallel
computers (MPC) have been developed by clustering tens or hundreds ot conventional micropro-
cessors with a memory system. These MPCs have been built in both SIMD and MIMD categorics.

While building the hardware proved feasible for a majority of machines, the clear problem that
appeared in the process was defining the software (operating system, languages, compilers) that
would make efficient use of the machine. The problem is especiaily difficult for MIMD machines,
where multiple program threads have to use common resources and exchange data. The result of
the expensive hardware and of the non-standard software is that the parallel machines occupy a

very high-end market niche (although a growing one), far from the popularity of workstations or
personal computers. '
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1.3 Semiconductor Memories as an Integrated Circuits Category

The semiconductor technology advances that lead to the integration of multi-million wransistor
processors have also created a number of specializations within the Integrated Circuits (IC) indus-
try, with fairly disunct technical cultures. There is first a distinction between tull-custom 1Cs. like
processors and memory, and Applicauon Specific ICs {ASICs). The ASICs are typically buiit by
customizing the metal interconnect layers overlaid on a standard pre-designed transistor structure.
called gate array. There is a large variety of other ASIC design methods, including standard cell.

sca-of-gates, and in the last decade. Field Programmable Gate Arrays (FPGA).

In the full-custom category, the specialization occurred between the random logic ICs, such as the
microprocessurs and the semiconductor memory. Within the latter there are distinctive categories,
but the largest market segment is the Random Access Memory (RAM), with two different tech-
nologies, the Static RAM (SRAM) and the Dynamic RAM (DRAM). Due to the difference in the
basic memory cell, DRAM offers four times more storage capacity than SRAM, but is also four to
six times slower. Because DRAM prices are four to six times lower than equivalent SRAM. the
main memory in the workstation and personal computers is build with DRAM. The high end
computers (mainframes, supercomputers) use SRAM for the main memory. The big market for
SRAMs though is as cache memory. A cache memory bridges the speed gap between the fast
microprocessors (90 MHz for Intel Penuum used in today’s high end personal computers) and the

cost-effective but slow DRAM main memory (e.g. 70 ns access time, 120 ns cycle time).

Both SRAM and DRAM share the block structure in Figure 1.1(a). Details on the differences are
given in Chapter 2. The memory core (the actual storage area) is organized in rectangular blocks,
composed of rows and columns. In each memory read access. a row of information is amplified to
full logic levels by the row of sense amplifiers. Out of the large number of bits amplified (e.g.
2048 in a 4 Mb DRAM), only a small fraction (e.g. 1, 4, 8) are selected as chip output, transmitted
on the system bus and used for processing by the Central Processing Unit (CPU, i.e. the micropro-
cessor). The C*RAM concept is built on the intention to use the large internal memory bandwidth

in order to do SIMD computation within the memory chip.
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1.4 C*RAM - An SIMD-IC Memory Hybrid

The C*RAM concept tnes to establish a common point between the architecture itensive SIMD
machine world and the circuitry intensive SRAM/DRAM memory world, The C*RAM starts
from the memory structure and builds an SIMD machine by adding processors along one of the
memory array dimensions. All trade-otfs are resolved 1n tavor of keeping the resulung structare
as close as possible to memory, in terms of area and system intertace. The reason 1s that C*RAM
is intended to substitute part of the main memory (as shown in Figure 1.2(b)) with the goal to add
low-cost SIMD capability to conventional computers. Computation that maps well w the SIMD
model benefits thus not only from an cxtremely large bandwidth, but also trom the low-power
allowed by keeping data transport on chip.

In view of its higher density and lower cost. DRAM is assumed to be the plattorm of choice tor
building C*RAM. Since DRAM functions by periodically regenerating the information stored 1n
the core, it offers a higher internal bandwidth than SRAM. Large capacity SRAMs could be used
for more specialized or higher end machines, or as a stage in building system and applications
experience.

The main problem that faces C*RAM is the economics of high-density memories, discussed in
Chapter 2. Technical issues in a C*RAM system are the gap between memory input/output speed
and the internal computing power (/O vs. internal bandwidth), and the rather small size of local
memory. The forces at work for standard DRAM are also addressing these C*RAM problems.
First, faster interfaces, such as Synchronous DRAM, are becoming more popular. As an altcma-
tive, the already established second serial access port (similar to the Vidco DRAM common 1n
performance video buffers) could be used in high-end systems. Secondly, the local memory size
issue has still to be decided by real applications, while ever increasing DRAM densities move the
limit higher.

As is usually the case in technology history, fairly recently it surfaced that similar ideas arc being
developed by a number of groups in the world. Some of the closest concepts are the Proccssor-in-
Memory (PIM) developed at the Supercomputing Research Centre in US.A. and the Nippon
Electric Company Integrated Memory Array Processor (IMAP) chip. These chips arc presented in
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more detail 1n Chapter 2.
1.5 Computational RAM History

This section brictly presents the efforts made by the Canadian group in the field of integranng an
SIMD-memory hybrid. The first SIMD experiments were made by Snelgrove and Loucks at Uai-
versity of Toronto in 1978, with a machine called VASTOR [Louc80]. Efforts to integrate VAS-
TOR were hampered by the crudeness of tools/technology available in the academic environment
A 64 Processing Elements 8 kb SRAM based C*RAM prototype in 1.2 ym CMOS technology
was designed by Duncan Elliott, at University of Toronto, in 1989, using a simplified PE (no
interprocessor communication). In 1990 Elliott started designing a DRAM based C*RAM in
cooperation with Mosaid Inc, a project mentioned in {Elli92]}, but the foundry partner upgraded its

process and the project was abandoned.
1.6 Thesis Contributions

There are two main directions where this thesis advances the C*RAM project. First, a 64 Process-
ing Element C*RAM part is designed and implemented in the most advanced technology avail-
able in Canada at this time, Northern Telecom’s 0.8 pm BiCMOS, using a 64 kb memory module
made available by Bell-Northern Research. One major thrust within this implementation was the
design of an extremely area-efficient processing element, that demonstrates what the limits afe in
adding PEs to ASIC memories. On the same level with the compactness criterion was the design
of PE circuitry safe-guarded against potential technology hazards, such as leakage currents. The
overall goal of this implementation was to obtain functional parts, allowing the C*RAM project
to continue with building a system and hence insuring the “reality” of the concept in the eyes of
possible applications partners.

Secondly, this work explores novel structures of C*RAM processing elements. Although Elliott’s
Baseline PE is very simple and hence allows for many variations/enhancements, the proposed
Extended PE attempts to maximize the arithmetic power of t'h.e PE while maintaining a close con-
trol of the silicon area expenses required. The Baseline PE simplicity was a result of its DRAM
target. The C*RAMs described here are based on ASIC SRAM, which, due to its more relaxed
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area constraints. lead to extending the PE funcuonality. The Extended PE could be adopred on a

DRAM platform. with a corresponding loss in processor count.

A first enhancement to the Baseline PE is the so called “Programmable Segments Bus-ue™ (PSB1.
which 1s implemented 1n a second C*RAM chip, sull with 64 PEs but a smaller 512 bt local
memory (referred to as Cs64pS12). This chip also demonstrates a novel system onented C*RAM
feature, the integration of a RAM serial access port.

The original bit-parallel oriented PE array is designed into a third C*RAM chip, with S12 PE and
480 bit local memory (CS12mp512). Beside the Programmable Segments Bus-uc. the new PE
introduces support for Programmable Word Boundaries (PWB) and a hard-wired ripple-carry
chain, resulting in flexible word length bit-parallel operation. The Extended PE demonstrates the
minimal hardware structure capable of performing bit-parallel integer multiplication entirely
within the PE array, i.e. without intermediary memory access, resulting in speed, power and sys-
tem interface advantages over the classical bit-serial approach. This final chip (currently in tabn-
cation) also includes a tighter timing circuit, close to what a commercial chip is expected to
feature. In general, the interface of this chip reflects the experience accumulated during this work,
including a first attempt to design a C*RAM subsystem.

1.7 Thesis Organization

Chapter 2 gives first an overview of SIMD machines and discusses projects similar to C*RAM. It
presents then more details on the SRAM and DRAM memory categories and their suitability as
starting platforms for building C*RAM. The economic aspects of memory and C*RAM are pre-
sented at the end.

Chapter 3 begins by presenting the architecture of the Baseline Processing Element (BPE),
defined by Elliott. Most of the chapter is dedicated to the detailed CMOS circuit and physical
design of the BPE.

Chapter 4 describes the design of the Computational RAMs implemented in Northern Telecom
BiCMOS technology (BATMOS). The chapter introduces the industrial family of modular SRAM




Chapter 1 - Introduction to C*RAM 9

used as C*RAM platform, then presents the C*RAM spectfic logic blocks. mncluding the Inpuy
Output crreuitry, uming generation and C*RAM instruction multiplexing. Detailed ttming dia-

grams ot C*RAM cycles are shown at the end of the chapter.

Chapter 5 introduces the onginal Bit-Parallel Processing Element architecture and presents the
arguments 1n tavor of bit-parallel oricnted C*RAM. A detailed presentation of the ciscuit modifi-
cations and additions to the Baseline PE 1s followed by a step-by-step description of 2 bit-parailet
intcger muluply example, as executed by the new PE architecture.

Chapter 6 presents the experimental r~sults. The BATMOS C*RAM hardware and software test

environment is described here.
Chapter 7 discusses ideas that could be implemented in future generations of C*RAM, focussing

on adding independent PE addressing with a minimum of area overhead. The chapter ends with a

summary of this work and with a discussion of possible developments of the C*RAM project.
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Chapter 2

SIMD and Semiconductor Memory

This chapter will present in more detail the two technical categones C*RAM is based on, SIMD
machines and semiconductor integrated memories, together with the adaptations required of both
in order to integrate them into the Computational RAM SIMD-memory hybrid.

2.1 Single Instruction Multiple Data (SIMD) Computers

SIMD machines consist of multiple processing elements (PEs) executing the same instruction,
each PE acting on different data stored in its local memory space, Figure 2.1, [Hord90),
[Alma89]. Compared to their classic counterpart, MIMDs, these machines offer a much more
tractable software environment and the hardware is easier to build. The reason is that the single
program flow does not need the hardware and software complexity required to synchronize the
MIMD multiple instruction and data flows. SIMD is best mapped to the “‘data parallel” program-
ming model, for which the same processing sequence is applied to a large set of data. Most SIMD
machines built so far have used large numbers (hundreds or thousands) of very simple processors,
being referred to as Massively Parallel SIMD.

In general, when examining an SIMD machine, the following characteristics should be identificd:

1. Complexity of the individual PE.
2. PE intercommunication network.

10
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3. Independent local memory addressing capabality.

4 Local memory size and PE-memory 1ntegraton level.

PE complexity can be charactenzed by data word length, number of internal registers. functuonal-

ity of the arithmete and logic unit (ALU).
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Figure 2.1 Example SIMD architecture

One important criterion that differentiates between SIMD machines is the intercommunication
network between processors. Some typical examples are linear array. mesh (bidimensional array).
trce network and hypercube, of which the first three are shown in Figure 1.4 a.b.c respectively.
The linear array network is the simplest, with one PE connected to just two neighbors. The mesh

array arranges the PEs in a bidimensional configuration, with one PE connected 1o its four neigh-

bors.
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Figure 2.2 SIMD PE intercommunication networks
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The hypercube network extends the spatial cube arrangement to n-dimensional (aborve 3 dimen
sions) spaces. each PE being connected to n others. The vartous connection networks ty (o anug
ipate and mimimize the communication costs of certain classes of applicauon program: By
providing increased complexaty 1n the communication network. the architecture designers dive
up the complexity and cost of hardware. n terras of board interconnections and/or in terms of sal-
icon area. To date. the most commercial success in the SIMD category has been associated with

the rather simple mesh-connected arrays (DAP, MPP).

The linear array and mesh networks are well suited for VLSI integration because of therr regular-
ity. C*RAM arttempts to adapt a PE array to a memory structure, and, due to the minimal supple-
mentary area constraints discussed in section 2.4, the linear array is the best choice. The PEs
(assuming no tnterconnection) are torced to match the unidimensional arrangement of the sense
amplifier array. A PE intercommunication network has to be then unfolded and mapped to the
rectangular area adjacent to the PE array. The left-right communication is the natural chowce tor
the linear array, taking only two routing channels per link. More complicated communication net-
works will require more routing channels. exponentially more routing channels for the higher-
order networks. When the network has to be extended between chips, the linear and mesh net-
works are the only ones to extend with a low and constant number of pins, an important factor 1n
setting the chip cost.

2.2 SIMD Machines Similar to C*RAM

The last twenty years have seen a number of massively parallel SIMD machines being developed.
Some of them, like MPP (Massively Parallel Processor) from MasPar, DAP (Distributed Array
Processor) from Active Memory Technology and Connection Machines (CM-2, CM-5) from
Thinking Machines Corp. are currendy in commercial use. These machines demonstrate that there
is a market for applications that are handled well by the SIMD computing paradigm. On the other
side, these SIMD machines target a niche high-end market. They are typically large and cxpen-
sive, because they use simple processors in low integration-level chips separaied from the local
memory. Their computing power is related to the number of processors, hence more of them
means more PE chips, more memory chips, more boards and interconnections, driving the final
cost high. Using separate local memory, the number of PEs integrated on a chip becomes hmied
by the number of package pins required for the memory interface.
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This section will present three architectures similar to C*RAM, in order to show the extent
interest 1in this class of computers and to present classes of applications. The SIMD literuwre s
much richer in machine references {PRI491]. but we restrict the discussion to those architectures
that use a hincar organizauon of the PE array with unidimensional communication aetworks. The
assumption here 1s that the nature of the intercommunications network has a major impact on how
applicauons arc written for a particular machine and on the performance of these applicatons.
The AIS-5000 was chosen because 1t is highly similar to the C*RAM Baseline PE array, while the
PIM and IMAP were chosen because they integrate the PEs with their local memories into a sin-
gle chip, coming very close (PIM especially) to the basic C*RAM idea.

2.2.1 The AIS-5000 Parallel Processor [Smit88]

This 1s a commercial SIMD machine which has 1024 single-bit PEs in the maximum configura-
tion. While the PEs are physically organized in a linear array, the system software can emulate a
bidimensional array. The main difference to C*RAM is that the PEs are not integrated in the
memory. Instead, gate array ASICs with 8 PE/chip are connected to commodity SRAM chips. The
authors claim that separate PE ar.d memory is an advantage because it permits use of the low-cost
standard SRAM. The unspecified disadvantage though is physical size: the maximum configura-
tion of the machine has 8 printed circuit boards, with associated high costs and reliability prob-
lems. The PE is built around a 16-to-1 multiplexor, similar to the C*RAM (which has an 8-to-1
multiplexor, Chapter 3) and other single-bit SIMD machines.

The AIS-5000 is used commercially in machine vision tasks, but in [Smit88] other general pur-
posc functions are evaluated (content addressable memory, bit string classifier, vector correla-
tion). The designers of the machine demonstrate that for many image-based algorithms in use, the
linear (unidimensional) array is superior in price/performance to the popular _sh arrays.

2.2.2 The SRC Processor-in-Memory (PIM) [Gokh92]

An integrated SIMD project developed at the Supercomputing Research Centre (SRC) in Mary-

land. USA. the PIM is a chip that integrates 64 PEs with 2 kb local memory. Again, the PEs are
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connected tn 4 unear array. The PE structure 1s more complex than the bascline C*RAM PL, by
an estimated factor of 4-5. complex enough to admit a pipelined operation. There are three b ai
registers and an ALU that gencrates three logic tunctions. The PIM PEs exccute one command
every 70 ns. Interprocessor communication is performed through a so called “parallel pretix net-
work™. a global OR funcuon and a programmable-partition OR (POR) network. The parallel pre-
fix network allows PEs at tixed positions to send data to groups of neighborning PEs. The
programmable-partition OR network can execute logic-OR on power ot 2 groups of PIM chps.
The PIM to system interface is a 4-bit memory data bus, inherited apparently from the SRAM the
chip was built upon. A number of PIM chips have been designed into a single-board SIMD sub-
system that plugs into the system bus of a SUN workstation.

The applications discussed are cross-correlation and prime number searching, but the machine
was probably designed for intensive cryptography analysis problems. as suggested by the atfilia-
tion of SRC to the Institute for Defense Analyses. A very recent development (Sept.1994)
(EET816] has Cray Computer Corp. announcing they will use an extended PIM chip for a CRAY
machine memory system, the project being sponsored by the U.S. National Security Agency.

The PIM project and its recent development are very close to C*RAM in both basic concept -
small area PE array added to memory - and system organization. One of the important diffcrences
is that the SRC team does not mention DRAM as a possible plattorm for the PIM chip.

2.2.3 The NEC Integrated Memory Array Processor (IMAP) [Yama94|

This chip was introduced at the 1994 ISSCC by researchers from Nippon Electric Company, tar-
geting reai-time low-level image processing applications. The IMAP integrates 64 8-bit process-
ing elements with a 2Mb SRAM, the highest level of integration recorded tor C*RAM-like chips.
The main peculiarity of the IMAP chip is the fact that each PE can independently addsess a 256-
word memory page in the local memory. This feature is demonstrated as important for cenain
operations (image histogram, Hough transforms), where it substantially reduces execution ume
over an architecture without independent addressing. The PE structure is closer t typical 8-bil
microprocessors (18 register file, 8-bit ALU, shifter block, multiplier look-up table) hence it 1s
much more complex than a C*RAM PE. This PE results in an 50% memory-50% processors bal:
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ance tn IMAP (as suggested by the chip microphotograph). The PE clock 1s 40 MHz white the
SRAM speed is 80 MHz. The chip has block redundancy, and is implemented in an aggressive
.55 um BiCMOS technology with SRAM enhancements. Although not explicily menticned 1a
the paper, the independent PE addressing feature must require replicating a row decoder block for
zuach local memory, because the cited 128 colurias per row are not sufficient to supply a 256 word
page. The resuiting area overhead could be acceptable tor a S0%-50% processor to memory bal-

ance, but not for a 10%-90% hybrid that targets replacing memory, as is the case of C*RAM.

Table 2.1 summarizes characteristics of C*RAM and of the architectures presented above. Also
included in Table 2.1 are the two most representative C*RAM chips designed for this work. dis-
cussed in detail in Chapter 4. In the table, the PE complexity entry refers to the relative PE transis-
tor count, with the Baseline C*RAM PE discussed in Chapter 3 as reference. When the actual
number was not available, an estimate was made based on the PE functional description. Simi-
larly, the communication network complexity refers to the number of inter-PE channels, relative
to the Baseline PE.

Table 2.1 Comparison of BATMOS C*RAMs and C*RAM-like SIMD machines/ICs

C*RAM C*RAM NEC

C512mp512 | Cé4plk AIS-3000 | SRCPIM 1 \iap
Memory-integrated PEs yes yes no yes yes
PEs/chip 512 64 8 64 64
Word length (bits) lor2n,n>0 | 1 1 1 8
PE count » Word length 512 64 8 64 512
Local Memory (bits) 480 1024 32kb 2048 32kb
PE Cycle Time (ns) 15 20 100 70 25
PE Rel. Complexity 2 1 3 (est) S (est) 92
Network Rel. Complexity | 1.5 \ 1 (est) 4 (est) 16
Extemal VO Width 8 8 4 4 4
Redundancy no no no no block
Design/Technology FC-ASIC FC-ASIC | GateAmay | - SRAM
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2.3 SRAM and DRAM

2.3.1 Static Random Access Memory (SRAM)

A block-level diagram of an SRAM is shown n Figure 2.4. The basic memory cell. represented
symbolically as two back-to-back inverters, is represcnted at the transistor level in Figure 2.3 The
SRAM cell is a positive feed-back structure (latch) with two stable states. There are three difter-
ent implementations for the cell. depending on what kind of elements are uscd as the cell toads:
diffused (bulk) PMOS transistors (in a standard CMOS process), Figure 2.3(a). kigh resistivay
polysilicon loads (also called giga-ohm poly), Figure 2.3(b), or thin-film PMOS transistors depos-
ited over the rest of the devices in the cell. The last two aiternatives are process enhancements
used specifically for SRAM design in order to obtain compact cell layout. and are not available 1n
general-purpose ASIC processes.

Ydd
PMOS Loads High Resktlvity
P_ ‘ Loads

-

Access l_-ﬁ__l Access FA_‘

Vss

Fig.2.3(a) Full CMOS SRAM cell Fig.2.3(b) HRL SRAM cell

A sketchy description of an SRAM read cycle follows. The SRAM address is partitioned in two
sections, serving as inputs to the row and column decoders. Most conventional SRAMs are asyn-
chronous (i.e. there is no clock in the interface), and an Address Transition Detect (ATD) circuit
initiates an access cycle once the address lines are stable for a certain duration. The row decoder
selects and activates one Word Line (WL) that turns on all the access transistors in the selecled
row. The selected cells begin driving the associated Bit Lines (BL) and their complemeats, BL.B
(Bit Line Bar), which are typically precharged HIGH outside active cycles. The cell sees the bt
lines as large capacitive loads, to be discharged by the cell NMOS drivers to the sensitivity level
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Figure 2.4 Generic SRAM structure

of the sense amplifier. The column decoder selects one (assuming one bit intertace) BL/BLB pair
and connects it to the differential I/O bus. This bus is the differential input to the SRAM amplifier
which regenerates full logic levels and drives an output buffer. The signal carried by both the bit
line pairs and by the /O bus is a small differential voltage (tens or hundreds milivolt), with a DC
level close to the precharge voltage.

A key point when building an SRAM-based C*RAM is that one sense amplifier is associated with
a group of array columns. For C*RAM, the number of sense amplifiers dictates the maximum
number of PEs, because the PE input needs the full logic level from the SA output. The main
SRAM design trade-off is between sensing speed on one side and low-power and high density on
the other side: more columns connected to the same sense amp is good for density and power
(there are fewer SAs overall) but bad for sensing speed because of the increased capacitance of
the L/O lines, leading to a smaller sensed signal. For example, in one 1| Mb SRAM [Wada87] therc
is one SA for every 16 columns, for a total of 128 SAs per chip, and the resulting access time is 37
ns. In another 1| Mb SRAM using similar technology, [Mats87], there are only 8 columns per SA
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for a total of 256 SAs and a shorter 25 ns access ume. This last SRAM has 1n fact a two-level hier
archy of sense amplifiers. four of the first-level SAa being connected to one second-level SA In
both 1 Mb SRAMs, there are a total of 512 rows and 2048 columns. organized in a number ot

blocks. hence there are 512 cells in one bit column.
2.3.2 Dynamic Random Access Memory (DRAM)

The basic 1T-DRAM cell, shown in Figure 2.5, has just one access transistor and one storage
cagacitor. The information is stored as electrical charge on the cell capacitor, and is periodically
read and rewritten - a process called refresh - in order to compensate for charge leakage. There are
no circuit variations but there are plenty of technological alternatives to implement the basic cell.
Up to and including most 1 Mb DRAMs, the basic cell was planar (Prin91]) and DRAM was con-
sidered the semiconductor process technology driver. In the quest to reduce cell size and manu-
facture larger capacity DRAMs, the DRAM foundries were the first to decrease the feature size
(finest line in the lithographic process). Starting with the 4 Mb level, the planar cell was replaced
with three-dimensional structures (stacked capacitor, trench capacitors), and the DRAM proc-
esses, while still very aggressive, became too specialized to be representative of other semicon-
ductor categories. For example. :10st ASICs are connection-limited by the number of metal layers

available, rather than logic gar :-limited by the process lithographic resolution.

k3

oL &
Access _]_c‘
Storage
vdd/n2
Figure 2.5 DRAM core cell

A DRAM block diagram is shown in Figure 2.6. Compared to SRAM, the main difference is the
presence of one sense amplifier for every column, localized between the bit lines and the Input/
Output (I/O) lines. In the large majority of DRAMs, the sense amplifier (SA) is a latch (similar to
the SRAM cell but without access transistors) whose power supply connection is controlled by a

transistor. One SA per column is necessary to do the refresh operation, i.c. to regenerate the tull
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logic levels and drive them back onto the bit lines in order to refresh the ¢ell charge informaton.
The SA layout 1s physically constrained now to the width of one memory column, which 1s in the

order of microns for current generauions DRAMs.

For a DRAM-C*RAM, it seems that the maximum number of PEs can be much bigger when
compared to SRAM-C*RAM. In reality, even with the simple PE circuitry described in Chapter 3.
the extremely small SA pitch requires that one PE correspond to a number of SAs (e.g. one PE for
every 4, 8 or 16 SAs. depending on DRAM generation).

: 0 Lt

R e ev LU ey EETEETRY P CECETTTY PET.

---------------------------- =T 3

' Precharge & V4472 vdd2 vddrz 7

1 Equalization | | | -r] | g :
,____':::::::::- csrrrxrFrofooxsrsr3sd
' 1+ Cell Array } Y '
' ::(Core) - - 1
1 = - 1
! ! Word-Line = € WL<b '
Vg o — 1 1 :
t g " ;H'-h_. m ]
' " WL<i+1> " '
' : T :
CEon o '
L ¢ !
o z '
' '
' [
1 '
[} ]
] ]

mé
w
>

: Column Decoder — _.|E| E‘._ —

]
!
1
]
]
e T T T T T e e P T T T T e e ) r%ﬂ b "l i e i e " '1-'!-'!
[}
!
[}
L]
[}
.

Data 1O Amplifier

Figure 2.6 Generic DRAM (after [Taka93])

In DRAM design, the main parameter is the sensing voltage presented to the sense amplifier
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input. This parameter depends on the ratio of cell storage capacitance (on the order of S01T 1of 4
Mb DRAM) to the bit line parasitic capacitance, because this is the reduction factor apphied to the
cell voltage when the cell is selected for read-out. The limited cell capacitance combined with the
parasitic bit line capacitance limits the number of DRAM cells connected in a column 10 a typical
value of 128. In the SRAM examples preserted above, there were 512 cells in a column. Thwe
SRAM can afford more cells per column because the cell contains active elements. which, given
enough time, wiil drive the desired voltage differential on the bit lines. As a result of the smaller
number of cells per column, hence more total columns, the DRAM will have more sense amphiti-
ers than an equivalent size SRAM with an hypothetical 1 SA/column.

2.4 C*RAM Economics

2.4.1 DRAM Economics

As mentioned in the first chapter, DRAM is considered the preferred platform tor C*RAM imple-
mentation, because of its predominance in computer main memory subsystems and video trame
buffers.

The problem with DRAM-based C*RAM is the access t0 DRAM fabrication technology, rather
than designing and building the actual chip [IBMV94]. DRAM is a commodity IC category which
require a very sizable capital investment (in the order of hundreds of millions US dollars). Once
operational, the DRAM facility is geared towards high volume production to recover the capital
investment, hence is quasi inaccessible for experimental prototyping. It has been noted that the
time to recover capital costs rather than technological constraints dictates the DRAM generation
advance interval. These facts explain why while there are a number of researchers trying
DRAM +logic ideas [Lipo90], there are no actual proof-of-concept chips.

In economics terms, C*RAM represents the “technological push” aspect rather than the “market
pull”. There are no working applications to demonstrate the advantages of C*RAM over existing
platforms. This is partly because there is no C*RAM platform to enable experimenting with
applications. A solution to this problem is the development of a software emulator, as close to the
final hardware as possible. This work is underway at Carleton University [Cast94], based on the



e —————

Chapter 2 - SIMD and Semiconductor Memory 21

on the C*RAM chips presented 1n this work. A possible way to approach DRAM C*RAM 1
building a system based on high-density SRAM C*RAM. Such systems will address a hugher-cnd
market (because of the DRAM-SRAM price differential), but could be an intermediate stage in

building up applications and market awareness of the technology.
2.4.2 C*RAM Area and Yield Issues

We assert that in order for C*RAM to become a viable substitute for at least part of computer
memory, the supplementary area taken by the PE array has to be a small fraction of an equivalent
capacity memory. The C*RAM chip cost includes the package and the silicon die costs. The
C*RAM pinout is expected to have 3-4 extra pins over the corresponding DRAM (Chapter 5).
This would have been a problem a few years ago, when DRAM packages were highly standard-
ized. Today (1994), the DRAM market displays a much larger variety of interfaces (wide word,
Synchronous DRAM, Extended Data Out, Rambus DRAM) and packages, and having four more
pins is no longer an iconoclastic idea. Hence, the price of the C*RAM package is estimated to

have a minor differential above the average DRAM package.

Chip area is one of the two factors affecting the manufacturing yield (ratio of good chips to total
chips) and in turn the yield is the main factor determining the die cost.

The yield Y of memory chips can be estimated using the following formula [Prin91}):
(2.1) Poisson: Y =exp(-A * D)
where:
A =chip area.

D = defect density of the manufacturing line.

The formula shows an exponential decrease of the yield with an increasing area, which supports
the argument for minimal area increase of C*RAM.

In order to improve manufacturing yields, especially in the first years of production. DRAM
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designs include a number of redundant rows and columns. Upon detection of defectuve rows or
columns, a spare element is activated typically by blowing on-chip tuses. The spare columns ot
rows are physically situated a. the periphery of the array. The proc=dure is effective in increasing
the final yield while keeping the same access time because there 1s no interdependence between

rows or columns.

In contrast, most SIMD applications require some form of intercommunication between the PEs.
The Baseline PE, presented in Chapter 3, has closest neighbor shift-left/right links. The Bit-paral-
lel Extended PE array presented in Chapter 5 depends in large measure on local communication.
Since PEs are directly associated with memory columns, the PE order imposed by local commu-
nication is transferred to the memory columns. The conclusion is that memory column redun-
dancy methods cannot be practically applied to the PE array, if defective PEs are detected.
Replacing a PE located in the middle of the array with a spare PE located at one extremity would
have a destructive impact on operating speed, a 40 um long line driven by close to minimum size
transistors being replaced with a S mm one (numbers are estimated values).

The practical alternative to maintain acceptable C*RAM yields against PE defects is hence keep-
ing the PE array area to a minimum. Memory row redundancy methods are still applicable to cor-
rect row errors in the memory array. C*RAMs with detects localized within the PE array could be

converted to functional DRAMs using both row and column redundancy, assuming the testing and
packaging procedures allow it. A more in-depth study of C*RAM redundancy issues is necessary
in preparation for a high-density DRAM-based C*RAM design.

As a final note, it should be mentioned here that even if the die and package costs are maintained
close to those of DRAM, the price of C*RAM will be dictated by the size of the market. A price
decrease curve is expected as more C*RAM applications are written and the chip volume ramps
up. A rather non-linear market development scenario would involve a C*RAM association with a
mass-market application, the best example being High Definition Television (HDTV). It is est-
mated that an HDTV receiver will need 64 Mbit of 50-ns DRAM [Chri94]. C*RAM could per-
form the decompression, echo-cancellation and image resizing functions, relieving the memory
subsystem from the rather expensive 50-ns specification. It is becoming more and more obvious
in the digital video industry that the processor-cache-DRAM architecture is not well suited tor
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continuous data stream processing. This realization seems to be behind the push for fust DRAM

interfaces, while at the most extreme end of the opinion spectrum has already appeared the idea ot

moving pixel processing into DRAM.
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Chapter 3

Processing Element - Circuit and Physical Design

3.0 Introduction

This chapter starts by describing in detail the Processing Element (PE) architecture as defined by
Duncan Elliott in [E1192]. This structure is referred to in the following as the Baseline PE (BPE),
to establish a reference for subsequent discussions on architecture modifications in Chapter 5. The
main concern here will be for an area efficient PE implementation in BNR/NT’s 0.8 um BiCMOS
technology (BATMOS), observing the layout constraint imposed by the memory sense amplitier
width (Chapter 4). An important design objective is safe-guarding the design against potential
technology risks, such as the poorly modeled leakage currents. Speed and power performance
take second place to functional reliability. It will be shown that a very dense PE layout imposes
interaction between the circuit design and physical design (layout) levels, involving trade-ofls
between circuit area and performance. The three metallization layers available in BATMOS are
demonstrated to be very important in achieving an extremely dense PE layout.

3.1 Architecture of the Baseline Processing Element

Figure 3.1 presents the Baseline PE. The main components are three i-bit data registers, om
arithmetic and logic unit (ALU) and a bus-tie circuit. The ALU is in fact an 8-t0-1 muluplexor
The three selection inputs are sourced by two data registers together with a third line from the
local memory (termed M or MQ). In this context, the term *“local” refers to circuiry and/or data

24
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that *s parucular to one PE. while the term “global™ reters to circuntry/data/operations commn i

all PEs. The 8-bit input to the muluplexor 1s common to all PEs and carries the global instrucuor.

and Write Logic
Figure 3.1 WE VD MQ
Bascline PE (BPE) 4+ 47
Architecture w

Memory Sense Amp

S

!

TTOP<7:0>
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The multiplexor output value, termed “ALU Result” or “ALU", can be written into any local reg-

tster or 1nto the local memory, when the corresponding control signals are activated. In Figure 3.1.

the ALU output is represented as bidirectional, driving the registers inputs and being driven by

the Bus-tie circuit. The actual circuit implementation will be presented later in the chapter.

This structure can execute any boolean function of three variables, by broadcasting the corre-

sponding truth table on the 8-bit multiplexor input bus. There are thus 256 executable functions.

In particular, two functions of interest are the ones that implement a full adder, presented in Table
3.1 with the corresponding 8-bit Truth Table OPeration code (TTOP):

Table 3.1 Examples of logic functions of 3 variables

Logic Function Evoression TTOP<7:0>
XOR3}( Y. X. M) Y xor X xor M 1001_0110
CARRY(Y. X, M) Y*X + Y*M + X*M 1110_1000
X_IDENTITY(Y. X. M) | X 1100_1100
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where xor, *, + denote respectively the exclusive-or. logic-and. logic-or functions and the oserhine
denotes the logic complement. A full-bit add requires hence two ALU operations. As an cxample.
Figure 3.2 presents two PEs performing a XOR3 evaluauon, in the case Y=1, X=0. M=11Y s the
most significant bit of the multiplexor selection bus. M the LSB) and Y=0. X=1 and M=).

Memory Sense Amp M _ [Memory Sense Amp | |
and Write Logic viemory and Write Logic '

w w
s | 3 | .
.‘J 4 L 4 I Y
> Y=1 X=0 —r—p— Y=0 X=1 ¢ +.
1 — 1
0 ] msb @ (0 ] msb
9 ALU ‘: ALU
{) 8-to-1 0 0 8-to-1 1
Multiplexor Multipiexor
y
AN
Bus-tle Bus-tie
TTOP<7:0> .8
BT

Figure 3.2 Two ALUs executing the XOR3 function

An ALU operation is followed by writing the result into one of the local registers, neighbonng
register (in the case of shift) or local memory.

3.1.1 Communication between PEs

As discussed in Chapter 2, this is an important topic in the field of SIMD machines, since the per-
formance of many SIMD algorithms depends on the inter-processor communication scheme. The
more complex the network, 1.e. the bigger the number of links between the processors, the bigger
the price paid in silicon area and packaging size. Since C*RAM has scvere constraints of compat-
ibility with conventional memory, the communication scheme adopted has to be the least expen-
sive in terms of silicon area and package pins. This implies a unidimensional network, taking a

minimum of routing channels and requiring a minimum of multiple ing logic within the PE
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The baseline PE has two levels of inter-processor communication (IPC»:
I Closest netghbor shift-left and shift-right communication. (Figure 3.3)]
2. Global wired-function. The actual logic function is either wired-OR or wired-AND.

depending on the circunt (Figure 3.4).

The shift letvright connections use hard-wired register destinations. The baseline PE uses the lett
neighbor X register as a shift-left destination and the right neighbor Y register for shift-right in
hoth cases, the shifted bit 1s the result of the last ALU operation. Details on the reasons for this

particular implementauion of shift operations are presented in section 3.3.1.

N ]
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1 and Write Logic and Write Logic  |!
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f * i
< g |
< <+
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s
ALU
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Bus-tie Bus-tie
OP<T:0> 8 i
BT !

Figure 3.3 Shuft-right data flow

The wired-function network, also termed bus-tie, is a one-to-many communication circuit which
allows one PE’s result line to affect all other result bits. The BATMOS C*RAM:s implement the
wired-OR function across groups of 64 PEs. Section 3.4 will show how the wired-OR function is
the result of PE circuit level design. A wired-AND can be obtained in software by complementing

the operands and the result, according to de Morgan's logic theorem.
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Figure 3.4 shows symbolically the data flow during a bus-tic operation. Under the control of the
Bus-tie Enable line (not represented), all bidirectional bus-tie circuits (bowtic shaped n the fig-
ures) are turned on. After a predetermined time necessary for worst-case end-to-end propagation,
the operation may be followed by a register/memory write. This is not necessary though, because
beside setting the ALU result lines to the same value, the bus-tie operation makes this value avail-
able on a C*RAM output pin. This output is typically used by a C*RAM bank controller to
branch program execution.

3.1.2 Conditional Execution Support

Typically, SIMD machines provide the means for some processors to “sit out” a sequence of
instructions, based on a previously computed local condition. This vorresponds to a parallel “if-
then-else” instruction, where the “then” sequence is executed by the processors having the “true”

condition bit set, while the “‘else” sequence is executed by the rest of PEs.

The circuitry that implements this functionality in the baseline PE is shown in Figure 3.5. A third
local register called W (for Write) holds the condition bit, written again by the ALU Resuit linc.
For the baseline PE array, the “sitting out” does not happen, instead all PEs execute all insuruc:
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uons. The condition bit stored 1n W only atfects the write-back to memory. This assumes that the
memory tnterface offers a local Write Enable input. which is controlled by the W regisicr. Since
register W only affects the memory wrte-back, all local registers X and Y will be affected by an

instruction wnting X or Y.

~ Write Permitted ~_Write Inhibited
Memory Sense Amp Memory Sense Amp
and Write Logic and Write Logic
Figure 3.5 Wat) ' Wt ] '
Conditional 33 33
write-back to 4_, — <«
memory using e IR I X 4

the W register

ALU

8-to0-1
Muitiplexor

TTOP<7:0> _8
BT

3.1.3 Baseline PE Control Lines

The prev: us figures have shown various data flows in the PE array, but have not explicitly pre-
sented the control signals. To summarize the previous presentation, the following is a list of all

control signals needed in the Baseline PE:

a. ALU: There are no explicit ALU control lines to indicate operations to be performed (e.g.
ADD. SUB, NEG, etc.). Instead, the operation to be executed is implicit in the 8-bit truth table
(TTOP). The operands are always the two bits stored in registers X and Y and the bit last read

tfrom memory, denoted M.

b. Registers.
1. WX: Write X Register
2. WY: Write Y Register
3. WW: Write W Register
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4 SLX: Shift Lett into X (write lett X register)
5. SRY: Shift Right into Y (write nght Y register)

¢. Bus-tie circuit
6. BTEN: Bus-tie Enable

These last six lines constitute the Control Opcode (COP). Together with the 8-bit TTOP they torm
the global C*RAM Operation Code. Section 4.4 will present the method of providing the C*RAM
Opcode and the associated support circuitry. Beside the C*RAM Opcode. there are a number of
timing signals used to sequence the control events. The C*RAM timing constraints are discussed

in sections 3.3 and 3.4 and the implementation of a timing circunt is presented in Chapter 4.

3.2 Processing Element CMOS Circuit Design - Strategy

The main objective of PE circuit design is to find the minimal area circuitry that has the function-
ality described above. C*RAM computing power is directly related to the number of PEs inte-
grated in the memory chip. This number is estimated in the 512-4096 range for C*RAMs based
on industrial density memories. At the same time, the supplementary area taken by the PE array
has to be maintained for pricing reasons to an estimated maximum of 15-20% of the memory
area. This constraint is justified by the objective of eventually replacing part of standard memory
with C*RAM. Hence, to maintain comparable pricing, the area and manufacturing yield have to
be similar. It will be shown in the following that the circuit level and physical level (layout)
design interact with each other, and circuit design decision can be affected by layout compaction
criteria.

There are two major alternatives for implementing the PE circuits in CMOS technology: static
logic and dynamic logic, the latter with a number of variations [West93)]. Dynamic logic requires
less silicon area than its static cuuaterpart (except for very simple logic functions), hence will be
the preferred implementation method. The price is paid in a more complicated timing scheme,
requiring at least one clock signal. A timing circuit though is a one-time area cost since 1t will
support the entire PE array (or a number of arrays). The area taken by the timing block ts morc
than offset by the area saved in a more compact PE, multiplied by the number of PEs.
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Although BATMOS otfers vertical NPN bipolar transistors, the PE does not benefit from their use
hecause of 1ts highly local interconnections. In digital circuits. bipolar transistors (when available)
are used to drive large capacitive loads (long lines with high fan-out). whereas in the PE the long-
est track s 1n the order of 50 pm. The only exception is the global bus-tie circuit. but the option of
using bipolar transistors in the PE circuitry is excluded for three reasons:

I. Size - the minimum size bipolar transistor is almost four times bigger than the minimum
siz¢e MOS transistor;

2. Latch-up hazard - bipolar transistors in saturation inject substrate currents, which can trig-
ger latch-up (low resistance path between supplies through an SCR-like device) in a CMOS struc-
ture.

3. Design portability - typical memory processes do not have bipolar transistors. hence a BiC-
MOS PE will be hard to adapt to other processes.

3.3 8-to-1 Multiplexor ALU

3.3.0 Circuit Alternatives

A static gate-level implementation of the mux8 function is shown in Figure 3.6. As indicated in
the figure. this circuit would require 84 MOS transisters (MOSTS), 42 PMOS and 42 NMOS tran-
sistors. In the figure, the number of transistors in each gate is shown by n, nz being the total. To

facilitate size comparisons with alternative circuits, we can assume for now that all 84 transistors
have minimum gate length lp=Imin and In=Imin, all PMOSTs have a width of wp=wpmux and all
NMOSTs have wn=wnmux. To compensate for the almost three times lower mobility of PMOST
carriers compared to NMOS carriers, we estimate wpmux=2.5*wnmux. The static implementation
chosen tor reference has three levels of logic, where instead of an 8-input NAND gate at the out-
put there are two 4-input NAND gates followed by a 2-input OR gate. The three logic level circuit
ts the practical implementation despite the extra four transistor in the OR gate. This is because the
chain of eight series NMOS transistors in the 8-input NAND gate is slower than a cascaded 4-
input NAND with a 2-input OR. This is confirmed by practical rules-of-thumb in ASIC design
with BATMOS which exclude more than five NMOS transistors in series in a logic gate.
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Figure 3.6 MUXS static CMOS implementation

The same mux8 function implemented with CMOS dynamic logic (a potential domino logic sec-
tion) appears in Figure 3.7. The circuit, named DYNSN to indicate the five series NMOST,
requires only 34 transistors. There is only one PMOST, the precharge transistor PPRCH. For size
estimation, the precharge PMOS will have Ip=Imin and wp=wpmux. The factor of two reduction
in transistor count translates into a factor of almost three in area savings because of:

1. the wpmux=2.5*wnmux sizing done in order to equalize transition (rise/fall) time, and

2. the elimination of n-wells (required by PMOS device diffusion), which require large spac-
ings from both n- and p-device wells.

For NMOSTS, 32 transistors have the same {n=Imin and wn=wnmux as before, while the bouom
NEVAL has an estimated wn=4*wnmux. By comparing the total transistor arca for the static and
dynamic alternatives, the dynamic implementation becomes by far the preferred choice.
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Figure 3.7 DYNSN dynamic logic implementation of the 8-to-1 multipiexor

The dynamic logic DYNSN circuit requires one clock signal, ALUPRCKB., in order to control the
precharge/evaluation phases (the convention used in this document append. the letter “B” at the
end of a signal name to denote the inverted signal). The functioning is as follows: during ALU-
PRCKB = LOW (precharge), the gate and parasitic capacitance on node MUXS are charged to the
positive supply vdd. During ALUPRCKB = HIGH (evaluation), the precharge PMOST is turned
OFF and the NMOS evaluation transistor NEVAL is turned ON. The precharged node stays
RHIGH or is discharged LOW according to the logic values of selection inputs Y, X, M, their com-
plements and the eight truth table signals TTOP<7..0>. The dynamic node is isolated from the rest
of circuitry by the inverting buffer PBUF/NBUF. The gate capacitance of this inverter contributes
to the node capacitance of the precharged node together with the drain diffusion capacitance of
the top eight NMOS transistors in the multiplexor. The logic value evaluated at node MUXS8 has
to be stored in a register/latch before it is changed by charge leakage through reverse biassed
junctions and MOS subthreshold currents. Both leakage currents are difficult 10 model for
numeric simulation, hence the time interval available before charge leaking affects the aode value
1s an unknown and potentially risky design issue.

Another problem with this dynamic multiplexor structure is that the NMOST evaluation chain
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between the dynamic node MUXS and the vss node has tive senies transistors. in this chawn. onls
the evaluation transistor NEVAL has the source at the substrate potential vss. The uther four
NMOS transistors are affected by the back-bias effect and their effective threshold voltage Vo
increased. This results in a longer cvaluation time ty auxs. hence it slows the overall ALLU
cycle. A Spice simulation of the circuit with transistor sizes identical to those n the tinal layout i
shown in Figure 3.8. The ALU propagation delay ty,, opy 15 measured from the midpownt of
TTOP rising edge to the midpoint of resulting ALU edge.

; tHL MUXS = 3.20ns /
2

ai \ "prop.ALU =1.10ns \

c— l(nsuﬁmuf;/‘\ — A
3V AV Vg

r i L) L0 % - X O & . M.

Figure 3.8 Spice simulation of DYNSN (typical BATMOS, 70°C)

A circuit alternative is shown in Figure 3.9, referred to as DYN4N. Here the evaluation transistor
is removed hence the NMOST chain is reduced to four transistors. In order to keep the cvaluation
phase non-overlapped with the precharge phase, the timing information previously carricd by the
ALUPRCKB signal is included now in each TTOP<k> signal. The.e signals are now labeled
TTOPCK<k>, to stress that they are part of PE timing. Compared to DYNSN, there is also a small
advantage in area, from removing the larger NEVAL NMOST, estimated at wn=4 *wnmux. Look-
ing beyond the strict PE circuitry, the disadvantage of DYN4N is that the support circuitry needs
now to generate eight timing signals TTOPCK<7..0>, instead of the previous one, ALUPRCKB.
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Figure 3.9 DYN4N dynamic implementation of MUXS8

As mentioned above, the dynamic logic multiplexor function relies on the charge stored in the
precharged node capacitance. Assuming that during the evaluation phase (ALUPRCKB=HIGH)
there is no conductive path to vss, the dynamic node MUXS is initially kept HIGH by the charge
stored in the node. Eventually, the node is discharged LOW by two types of leakage current: 1. the
reverse biassed pn junction current flowing through the substrate, and 2. the subthreshold current
of the NMOS transistors. As mentioned before, there is a degree of uncertainty regarding how
long the charge stored in the node capacitance will maintain the node HIGH. On the other side,
there was no experimental data available to estimate this time. Discussions with designers from
the Memory Group in Bell-Northem Research have confirmed the unreliability of MOS charge

leakage simulations.

In view of the risk factor caused by a pure dynamic logic implementation, a latch-back PMOS
transistor is added to the multiplexor, transistor PLATCH shown in Figure 3.10. Its gate is con-
nected to the output signal ALU driven by the inverting buffer. After precharge, node MUXS is
HIGH and ALU is LOW, h.nce PLATCH is turned on. Assuming the evaluation phase results in
MUXS staying HIGH, transistor PLATCH provides now a conductive path to vdd to compensate
the charge leaked via substrate and subthreshold currents. Hence, MUX8's HIGH logic state is
latched by the inverter PBUF/NBUF connected back-to-back with the “half-inverter” PLATCH.
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Figure 3.10 Pseudo-dynamic DYN4N with latch-back PMOST (PLATCH)

The disadvantage of the PMOS latch-back appears when MUXS8 evaluates LOW. It the evaluauon
phase turns on an NMOS path to vss, the four series NMOS transistors have to force MUX8 to a
LOW state despite PLATCH being turned on. Hence. there is extra short-circuit current flowing
between supplies. Also, evaluating MUX8 LOW will take longer than in the pure dynamic logic
circuit. Since the leakage currents are small, PLATCH can be “weak”, i.c. can have a small w/l
ratio, minimizing the negative impact on switching power and delay when MUX8 goes LOW. We
choose w=wpmin, the minimum device diffusion width in BATMOS, and /=/platch, as large as

permitted by layout, since increasing the length means extra area taken by PLATCH.

A final modification to the ALU circuit is brought by adding a weak NMOS latch-back NLATCH
to form a complete latch (back-to-back inverters) on the ALU output. The goal is to avoid lcaving
the node MUXS to float during the write-register phase, after it was discharged LOW in the eval-
uation phase. To avoid a logic hazard in the ALU-registers loop, discussed in detail in section 3.4,
both ALUPRCKB and the TTOPCK signals are inactivated during the write-register phase.

A Spice simulation of an ALU multiplexor cycle is shown in Figure 3.11. Compared to the previ-
ous simulation (Figure 3.8), we notice the longer ALU propagation time, Ly, ary. despite hav-
ing only four NMOST in the evaluation chain. The extra delay is cause by the presence of the
weak latch-back inverter, which opposes both precharge and evaluation.
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Figure 3.11 ALU operation cycle

3.3.1 Logic and Physical Order of the Selection Lines

Two more elements have to be decided in relation with the ALU multiplexor:

a. the binary weight of the selection inputs X, Y and M.

b. the physical ordering of the NMOS transistors associated with the three selection lines in
the NMOS evaluation chain.

We notice that the two are independent, i.e. assuming for example Y is the most significant logic
selection line, it can be chosen to control any of the three NMOS levels in the four transistors
chain (the bottom fourth is reserved for TTOPCK<x>,). The first decision is totally arbitrary, and
we choose the alphabetical ordering to correspond with the least significant to most significant
sequence: M is the least significant selection line and Y is the most significant.

The physical ordering of the selection lines can be decided analyzing how the signals X,Y and M
can change dwring an ALU cycle. The objective is to minimize charge sharing within the 32
NMOST evaluation group. Charge sharing happens in dynamic logic structures during the evalu-
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ation phase. when the charge intually stored 1n the precharged node 1s redistnbuted on the mternai
nodes of the evaluation group as a result of transistors being turned ON by changing inputs
Charge shanng would be a cnucal effect o consider 1if the multiplexor were a pure dynamic lugie
structure. This 1s no longer the case. since the PMOST latch-back was introduced o compensate
tor leakage currents. A second postuive effect ot this latch-back transistor is that 1t will also com-
pcnsate any charge vanaton as a result of charge redistnbution. Nevertheless. even with the latch-
back transistor 1n place. we are sull interested 1n reducing the noise at the ALU output by min-
mizing charge-shanng. Also. in view of a future pure dynamic implementauon of the ALU. we
maintain the same design criteria in order o ensure a portable layout. The actual order of the
selection signals 1s chosen 1n section 3.4, atter the difference between X and Y on one side and M

on the other side is explained.

3.3.2 ALU Transistor Sizing

This section presents the decisions made in sizing the ALU transistors. The usual speed-power
trade-off takes a second place to constraints imposed by layout area/pitch. The trade-offs would
have to be reevaluated for a different C*RAM design, if for example low-power is tavored over
speed.

The main parameter influencing area, speed and power consumption is the width of the NMOS
transistors in the ALU evaluation block, wnmx8. The practical minimum value for transistor
width in BATMOS is 1.8 um. Because of the final layout arrangement of the ALU multiplexor
within the PE the maximum value for wamx8 is 4 pm. A number of Spice simulations wer. run
for this fairly limited range of wnmx8 values. Figure 3.12(a) shows the ALU propagation time, as
defined by the interval between the rising edge of TTOPCK<k> and the resulting transition on the
ALU signal (shown by the arrow in Figure 3.8). As expected, despite the bigger diffusion capaci-
tance of the precharged node caused by the larger transistor width, the ALU propagation time

decreases to a minimum of 1.27 ns when wnmx8=4 um.
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Fig.3.12(a) ALU propagation delay function of Fig.3.12(b) ALU discharge evaluation time
NMOST width wnmx8 function of wnmx8

Figure 3.12(b) shows the 90% - 10% fall time of the precharged node (MUX®) voltage, as function

of wamxs.

Figure 3.13 shows the energy consumption during ALU operation for the same range of transistor
widths. Separately shown are the energies consumed during ALU precharge and ALU evaluation
(actual discharge , i.e. MUX8 goes LOW). It can be seen that the precharge energy is rather high
when compared to the evaluation one. The explanation is the cross-bar current flowing through
the ALU precharge PMOST and the NMOST latch-back The latter has the practical minimum
width (1.8 um) and the maximum length permitted by the layout. Since the latch-back NMOST
was the last addition to the PE layout, the maximum length available was 1.4 pm. The sum of the
precharge and evaluation energies is also shown in Figure 3.13, where a minimum is observed in
the range of interest. In order to compute the average power, the energy is divided by the average
operation period, which depends on the system clock frequency and the actual program being
cxecuted. Note that the total energy graph in Figure 3.13 corresponds to the worst-case instruction
cvcle, with a precharge and a discharge in one cycle. In reality, an ALU might not consume pre-
charge energy because it was not discharged in the previous cycle, or might not be discharged
because the curent operation results in the precharged node staying HIGH (i.e. ALU=logic-0).
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Fig.3.13 ALU precharge, discharge and total energy as function of wnmx8

The global consumption of the PE array depends again on the program cxecuted and the data
operated on.

We choose wnmx8=4um in order to obtain the maximum speed within the available area, at the
expense of more than minimum power. In a well characterized technology of a commercial

C*RAM. the latch-back inverter might be eliminated, resulting in higher speed and lower power

within a smaller area.
3.3.3 ALU Layout

Figure 3.14 shows the block floor-plan of the ALU, with the approximative relative block sizes.
The width and length in microns of each transistor are also shown. Most of the area is taken by the
32 NMOSTs evaluation group. The physical layout is reproduced in Figure 3.15.
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3.4 ALU-Register Loop

As 15 the case with all ALU+registers logic structures, there is a potential logic feed-back problem
in the C*RAM PE. The ALU result is the data input (o0 the registers and at the same time. the out-
puts from registers X and Y are inputs to ALU. The usual way to prevent a logic instability loop is
to use edge-triggered tlip-flops (ETFF) for the register bank and for the ALU output. Such a flip-
flop 1s 1n fact a combination of two cascaded level-controlled latches, clocked in antiphase. as
shown in Figure 3.16. This structure isolates the flip-flop output from its input at any time except
during the transition time of one of the clock edges (rising or falling). As a lexical note, the word
register typically implies a set (one or more) of edge-triggered flip-flops (most often a D-type flip-
flop). In the following, the PE storage elements X, Y and W will be also referred to as ‘‘registers”.
cspecially in a logic/architecture context, even if their implementation is different from an edge-

triggered flip-flop.

Master Latch Slave Lacth

Figure 3.16 An example of an CMOS edge-triggered D flip-flop

Since the PE layout area is the most critical design constraint, edge-triggered flip-flops are ruled
out as register implementation due to their large transistor count. The alternative is to use level-
controlled latches, which use half (or less) of the elements of an ETFF. A typical gate-level
CMOS D-latch structure is shown in Figure 3.17, where the control clock is labeled WD, for
Write Data. During WD=HIGH the positive feed-back loop through transmission gate TXF is
interrupted and the latch receives the new data. During WD=LOW, the input transmission gate
TXD is off and positive feedback reinforces the logic state previously written. We remark also
that during WD=HIGH, the latch output is the complement of the input, delayed by the propaga-

tion through one transmission gate and one inverter. This is the “transparent” state of the latch.
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Figure 3.17 CMOS D-latch. requiring 10 transistors

Since now there is no second level of latching as in the edge-triggered flip-tlop. a new latch input
appears complemented after one inverter delay at the output of the latch, which is also one of the
selection inputs to the ALU. Hence, a latch state change might modify the result of a pure combi-
national ALU. This in turn will affect the value written in the latch since the ALU propagation
delay is very likely shorter than WL pulse duration. This loop is the logic hazard referred to
above. A mechanism to remove this hazard has to be provided to inactivate the ALU during the
write latch phase. This mechanism consists in timing the write latch phase so that it will not over-
lap with the ALU precharge and evaluation phases. The justification for this PE timing phase 15 as
follows. We consider again the ALU multiplexor in Figure 3.10, and we assume that neither pre-
charge nor evaluation are active. Then the precharge PMOST PPRCH is OFF hence there is no
conductive path to vdd. Also OFF are the bottom eight NMOSTs controlled by signals
TTOPCK<7..0> so there is no conductive path to vss. In this case, any change on the six selection
signals X, XB, Y, YB, M, MB will not affect the dynamic node logic value, except through
charge-sharing. Since changes on X and Y and their complements XB and YB can happen only
during the write latch phase, we conclude that this must be a third PE timing phase, non-over-
lapped with ALU precharge and evaluation.

Because of the synchronous registered nature of the base SRAM (presented in Chapter 4), selec-
tion signals M and MB are not in the same category as X, Y and their complements. In the local
memory interface in Figure 3.1, there is no direct (i.e. combinational) connection betwecn mem-
ory input MD and local memory output M (same as MQ). Memory output M only changes atter 4
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read cycle. so it 1s not affected by a write cycle that updates a memory location with new data
sourced by MD, connected to the ALU output. The effect on C*RAM timing is that there is no
special constraint on the Write Memory phase. once the new ALU result is available. Obviously.
the hold time on input MD relative to the memory clock has to be observed before starting the

ALU precharge phase of the subsequent cycle.

Although the DYNSN circuit is not used in the BATMOS PE implementation, looking back in
Figure 3.7 we notice that timing signals would have to be modified as a result of the necessity to
turn OFF both the precharge and evaluate transistors duning the write latch phase. ALUPRCKB
can no longer be used to time the evaluation phase. Instead, an independent control signal
ALUEVCK must be introduced to control the gate of NMOST NEVAL.

A graphic summary of PE timing is illustrated in Figure 3.18. The design of circuits that generate
the three-phase sequence is discussed in Chapter 4.

! Start ALU Cycle End ALU Cycle,

ALU Precharge | .
(ALUPRCKB) :
ALU Evaluate X .
(TTOPCK) : !
Write Register !
(COPCK) : :

Figure 3.18 Timing of ALU operation followed by register write

3.5 Register Design

The example latch structure shown in Figure 3.17 can still be simplified in order to reduce its lay-
out size. A full transmission gate (TXD and TXF in the figure) is an expensive gate since it
requires four transistors: one PMOS/NMOS pair for the actual gate and another pair for the
inverter that generates the clock complement (this inverter can be shared though by a number of
gates. as is the case in the D latch). As a first step, the feedback transmission gate TXFB can be
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chminated. This leaves the two inverters connected permanently in the “back-to-back”™ pusitve
feed-back configuration. The drawback of this circuit 15 that the driver that wnites wne latch has o
overcome the state held by the positive feedback in order to write the opposite value Thas will
result in a combination of extra power and extra transition time in the process of changing latch
state.

oy S— [VD
c .—«——r? ——— —— 28
NW
P -
[VF(weak) B

Figure 3.19 Final circuit for single-access D-latch

A second modification is to replace the input transmission gate TXIN with an NMOST pass tran-
sistor. This eliminates three transistors (the clock inverter is no longer needed), including two arca
consuming PMOSTSs. The disadvantage of using a single NMOST as latch access (write) transis-
tor appears when writing a HIGH logic state into the latch. The HIGH voltage level is degraded

by a Vyp voltage drop on the access NMOS, where Vg, is the threshold voltage increased by
the body effect.

3.5.1 Shift-Left/Right Implementation

As presented at the beginning of this chapter, the Baseline PE supports nearest-neighbor lefuright
communication between PEs. The circuit design problem is how to best (i.e. minimal area) imple-
ment this feature using the circuit resources already in place. A straightforward implementation of
a shift register, as suggested by the function to implement, would again require edge-trnggered

flip-flops. The reason is again the necessity to isolate the input from the output, so that during one
clock cycle the data propagates strictly from one stage to the next one, or equivalent, there is no
data feed-through across multiple stages.
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An obvious design decision is to use the X and Y latches for communications. The expensive
alternative would be to use two separate latches to build the shift lefUright registers. In this casec.
1n order to operate on them. the contents of these extra two latches would have to be transported
to X or Y. because these are the registers with direct access to the ALU.

Since X and Y are level-controlled latches, a sequence of X/Y latches cannot be cascaded (output
connected to the input of next latch) to form a shift register, because of the feed-through problem.
The solution is 1o use the timing already in place for the ALU and the fact that the outputs of X
and Y are selecuon inputs into the ALU multiplexor. A shift (left or right) will be a sequence of
two steps, involving an ALU operation:

a. bring the contents of X (Y) to the ALU output, executing an Identity-X (Identity-Y) opera-
tion (sce also Table 3.1 at the beginning of this chapter).

b. write the ALU result into the neighboring X for shft left (neighboring Y for shift-right),

during the write-latch phase.

We remark that the master-slave structure of an edge-triggered flip-flop is thus emulated by inter-
posing an ALU between two latches, and using the non-overlapped phases of ALU operation
(precharge+cvaluate) and write-latch in a manner similar to the antiphase flip-flop clocking. This
manner of implementing the shift left/right communication has one functional restriction: shift-
left and shift-right cannot be executed simultaneously, since they both pass through the same
ALU. Hence, we do not have the perfect equivalent of two hardware independent shift registers,
which is the functionality price paid for this very compact circuit. On the other side, the shift
operation is not restricted to X or Y only as data sources. Since what is shifted is the ALU result,
any logic function of Y, X and M can be computed and the result transmitted to the neighboring
PE.

3.5.2 Dual-access latch

There are now two input data sources for each local register, the local ALU and the neighboring
ALU. The minimal way to implement this second input is to add a second access NMOST con-
nected to the input node, as shown in Figure 3.20. A number of layout configurations were inves-
tigated for this double-access latch. The conclusion was that adding a second access NMOST
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creates a highly irregular iayout, with a large mactive area surrounding the latch. Even the lavew

of a pair of such latches was still irregular.
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NW2 IVF (weak)

P

Figure 3.20 Dual-access D-latch

An alternative circuit suggested by this layout problem is shown in Figure 3.21. Here, the second
input is connected to the “complement’ node of the latch. The structure is now symmetrical, and
so is the layout. There are, though, both logic and circuit issues with this structure. In the logic
plan, the second input has to be driven by the complement of the value to be stored in the latch.
Since the PE latches are only written by the ALU output (local or neighbor), this implies that an
extra inverter is needed in the ALU to generate the result complement ALUB. In designing the PE
layout, the addition of a second inverter proves to be inexpensive because of the regularity of the
circuit and localized connections.

—ipo —Pp cB
IVD

wD1
c>——{>c»—4> wo2

D1 [p—— T — c>—o——- T D28
NW1 NW2 complemented

input

IVF size(IVF)=size(IVD)

Figure 3.21 A symmetric dual-access D-latch
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The ctreunt problems appear when we consider the fact that the latch has to be symmetric. There s
no fonger a “weak” feed-back inverter, the two inverters are equally sized since both laich nodes
are now input nodes. The resulting structure is identical to the six transistor SRAM cell +¢-T
SRAM). The main difference is that a 6-T SRAM cell is written differentially, i.e. the two da.
inputs arc always complements of each other and the two access transistors are tumed on by the
same control signal (termed wordline in RAM design). In our case, the two inputs are indepen-
dent, hence the write access is single-ended. Since the latch is now symmetric, writing the laich
with the complement state (latch flipping) is more difficult. This is especially valid tor writing a
HIGH logic state into a latch holding a LOW, because of the V; voltage loss on the access
NMOS.

3.5.3 Dual-Access Latch Transistor Sizing

The combination of data write driver, access NMOS transistor and dual-input latch is essential for
the PE function, hence it will analyzed in more detail in the following. The objective is to size the
transistors in order to obtain reliable latch writing, while keeping the layout area to a minimum.

We start by choosing minimum physical layout for the four transistors in the latch, i.e. minimum
width and length in BATMOS. A number of Spice simulations are run in order to determine the
write (access) NMOS transistor size, wnwr, while examining the write delay time and the power
consumption. The critical write cperation is overwriting the latch holding a logic-0 with a logic-1
state.

The simulations show that below wawr=2.4 um the latch cannot be forced to change states (in the
simulation, the driver PMOST has w=8 um). Therefore, the range of variation for wnwr starts at
2.4 um and ends arbitrarily at 4 um, to keep the PE length as small as possible. Since the write
transistor gate runs along the PE length, a wider transistor means a longer PE. Simulations are run
for wnwr=2.4, 3.2 and 4.0 um. The waveforms of two ALU operations with different results each
followed by a latch write are shown in Figure 3.22. The current consumption of the circuitry in
one PE is also represented (bottom waveform). It can be seen that writing a logic-1 in the dual-
access symmetrical latch is the longest transition in the PE cycle.
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Figure 3.22 Writing a 1" then a “0” in the dual-access latch (YR waveform)

Figure 3.23(a) shows the latch LOW-to-HIGH write time, tyy. for the three values of write

NMOST width. Figure 3.23(b) presents the energy spent in overwriting the latch, for both types of

logic state reversal. It can be seen in both figures that using the largest write transistor (wnwr=4

pum) results in the fastest write transition and also in the lowest power dissipated in the process.

For the non-critical HIGH to LOW transition, the transition time and power consumption arc

approximately the same, irrespective of the access transistor width
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The tinal transistor size selection in the PE is done for the ALU inverting butfer. left to this sec-
tion because of its participation in the latch write operation. First, a relative PMOS/NMOS=2
width ratio 1s chosen. The normal practice is to chose PMOS/NMOS=2.5 in order (0 equalize
transition times and bring the switching threshold in the middle of the voltage range. In [Schu93)
though, a lower ratio is recommended for low-power CMOS design. Simulations are run for three
widths, 4/2, 6/3 and 8/4, while again the critical latch write operation is examined. The results are
shown in Figure 3.24(a)for the write delay tyy y and Figure 3.24(b) for energy consumptionr Jduf-
ing the transition. It can be seen that the size of the ALU inverting buffer has little impact on the
latch write, with slightly better delay and power consumption for the biggest inverter. We could
hence choose the smallest size, if a single latch write is a considered. For PE programming flexi-
bility, we want to reserve the possibility of the ALU writing both latches (X and Y) at the sams
time. In this case, the ALU driver has to be large in order to fight two NMOS transistors in the
worst case (both latches in logic-0). We choose hence an ALU inverter with an 8um/4um PMOS/
NMOS width ratio.
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3.5.4 Single-Access Latch Transistor Sizing

Register W (Write Enablc) is written by a single source. The single access D-latch (Figure 3.19)
can be used in this case. The direci path inverter IVD has minimum size transistors. The weak
feed-back inverter IVF is obtained by using transistors with minimum width but more than mini-
mum length. The layout constrains this length to 1.6 um. The complemented ALU output ALUB
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ts routed as latch wniung source. The inverting direct path of the latch will dnive thus the ALt

logic value as local write enable to the memory interface.

The i.. atof the X and Y register pair is shown in Figure 3.25
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Figure 3.28 Layout of X and Y registers in two adjacent PEs
(vertical of page is layout horizontal)
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3.6 Bus-tie Circuit Implementation

The second fHrm of interprocessor commurication defined in the Baseline PE 1s the one-to-many
hus-te circuit. The actual logic funcuon realized by bus-tie is either wired-AND or wired-OR.
depending on the actual PE circuity. The BATMOS C*RAM chips implement the wired-OR. rela-
uve to the ALU outputs. It is indeed a form of interprocessor communication, because the result 1s
fed back to all PEs, so that at the end of a bus-tie cycle all PEs have the same ALU result. A ;ym-
holic representation of the bus-tie circuit is shown in Figure 3.26, suggesting the actual circuit
implementation based on a precharged line. The transmission gates indicate bidirectional links
between the precharged ALU multiplexor nodes MUX8<i> and a common bus-tie line BT.
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Figure 3.26 Symbolic diagram of Bus-tie circuitry (x=precharged nodes)

3.6.1 Circuit alternatives

We examine first for completeness a CMOS static logic realization of a global OR function in a 64
PE array. This would imply having a 64 input static OR gate for the 64 PE BATMOS C*RAM and
an cxtra 2-input OR gate for every PE to feed back the result. The 64-input OR gate, implemented
practically as a tree structure (with 2- or 4-input OR gates), would add a large area overhead
required by routing channels. It would also create layout mismatching with the linear PE array
structure. For these reasons, the static 64-input OR is totally impractical for bus-tie implementa-

1on.
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A much more realistic solution to the large input number OR/AND problem in memory design
involves using dynamic logic with precharged busses. Figure 3.27. The circuit 18 similar to the
dynamic logic multiplexor discussed in section 3.1, with two differences: 1. there 1s a higher num-

ber of NMOS discharge branches to ground. typically 64-256 (as opposcd to 8 1n the 8-t0-1 mulu-
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Figure 3.27 Global wired-OR with precharged bus

plexor); 3. the evaluation branches only have two NMOS transistors, one is the actual OR gate
input while the other is the evaluation enable transistor (this is the case of the NMOS access tran-
sistor in the 6-T SRAM cell, relative to the bit-lines). The precharge PMOST BTPRE brings the
Bustie line HIGH before a bus-tie cycle, under the control of active LOW signal BTPREB. Non-

overlapped with the BTPREB pulse, the active HIGH Bustie Enable line controls the evaluation
phase.

This circuit solves the problem of generating a global OR in a compact layout, bu: it is not an
actual “bus-tie” since it does not modify the ALU outputs (it is not bidirecuional). A circunt that
attempts to do this function is shown in Figure 3.28. Here, the bus-tie circuit is ar actual transmis-
sion gate, connecting the precharged node of the ALU multiplexor to the precharged BUSTIE
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line. In the worst case bus-tie operation. one ALU evaluation path (4 senies NMOSTSs) should dis-
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Figure 3.28 Bidirectional bus-tie with transmission gates

charge the Bus-tie line through the local ransmission gate, and all other 63 precharged ALUs
through one more level of series transmission gates. For the BATMOS C*RAM using pseudo-
dynamic ALUs with latch-back PMOSTS, the circuit in Figure 3.28 will practically not manage to
realize bidirectionality. This happen because in the worst case bus-tie there are 63 parallel latch-
back PMOS transistors opposing the singie discharge path of four series NMOSTs. The conclu-
sion is that the bus-tie circuit should be “active”, i.e. include a buffering/amplifier gate.

The circuit proposed by Elliott in {EIIP92] as bus-tie implementation is shown in Figure 3.29.
This active “transmission gate” is composed of two NOR2 gates, penor and bmor, and two
NMOS discharge transistors. The functioning is as follows: assume ALU<k> has a result of logic-
1, which means the precharged node MUX8<k> has been discharged LOW. If the Bustie Enable
line is activated (LOW, for this circuit), then the output of nor gate penor goes HIGH, turning ON

the NMOS transistor connected at its output. This creates a discharge path for Bus-tie, which
starts gomng LOW. At some point in this transition, the outputs of nor gates btnor start going
HIGH, thus tumning on the associated NMOS transistors. This in turn will create a discharge path
tor each ALU multiplexor: all MUX8<i> nodes that have not already evaluated LOW as result of
their opccde start discharging. As a result, the actions presented above start happening for all PEs.
in a regenerative manner. The final state has the Bus-tie line and all MUXB8 nodes discharged,
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which corresponds to all ALU lines HIGH.
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Figure 3.29 Active bus-tie circuit proposed by Elliott (two shown)

From the above qualitative description, it can be inferred that the more MUXS8 nodes are dis-
charged initially, the faster the bus-tie operation is. The worst-case corresponds to the “one-to-all”
case, with just one MUXS evaluating LOW initially. The C*RAM timing obviously has to cover

this worst-case operation. Actual waveforms are presented below, for the final bus-tie circuit.

3.6.2 Proposed Bus-tie Circuit Implementation

Examining the previous circuit (Figure 3.29) in relation with the desired bus-uc function, we
observe that a more compact circuit can be designed by accepting a different area-delay tradc-off.
Since the circuit uses two nor gates to implement the active bus-tie, there are four PMOSTSs which

impose a large area penalty. We are looking for an implementation using the minimum aumber of

transistors, and in particular the minimum PMOS transistor count.

The new circuit is shown in Figure 3.30. It uses one PMOS transistor and thrce NMOS transstors.
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compared to tour and six of the previous circuit. Part of the difference comes trom using the ALU
inverung buffer ALUBUF to drive the circuit, instead of the previous nor gate penor. This change
was allowed by moving the enable signal to control only one transistor, the NMOST BTEVAL.
The other nor gate, bmor, is reduced now to the inverter BTINV. which has the only extra PMOST
of the circuit. The funcuoning is very similar with the one described before. One exception is the
polanty of Bustic Enable. now active HIGH. The price paid for the compactness is a longer dis-
charge ume, since now there are two series NMOS transistors instead of the previous one. Since

layout area 1s the main performance criterion, this circuit is the preferred implementation.
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Figure 3.30 Proposed compact Bus-tie circuit

NMOS transistors NBT1, NBT2 and BTEVAL (Figure 3.30) are made as large as possible within
the available area, constrained by the layout of all other PE elements. NBT1 and NBT2 use bent
gates 1o make best use of the area. The invertor BTINV is not critical becasue of its reduced load
(gate of NBT2) and uses close to minimum size transistors.

Simulation of 64 bus-tie circuits was performed on the circuit in Figure 3.31. The waveforms are
shown in Figure 3.33. The simulation was done for the worst case bus-tie, ALU<0>=HIGH at one
¢nd of the array, while all other ALU<k>=LOW. For typical BATMOS parameters and a tempera-
ture of 75C, the 90%-10% discharge time for Bustie is measured at 5.7 ns. This value includes the
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Figure 3.31 Array connection of 64 Bus-tie circuits
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Figure 3.32 Spice simulation of worst-case 64 PE Bus-tie cycle
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delaying effect of a back-to-back inverters latch connected to the Bus-ue line (Figure 3 31, lower
right side). As in the previous pseudo-dynamic circuits, the latch was added in order 10 protect a
HIGH result against leakage currents. 1. Bus-tie discharge waveform shows a longer ininal
slope, while the single evaluation path is active, followed by a shorter but steeper section at the
end. once the positive feed-back loops involving all other ALUs have closed.

Looking at the supply current waveform, we notice peaks during ALUs and Bus-tic precharge (84
mA) and during the final part the regenerative feed-back (51 mA). The Bus-tie line precharge
PMOS transistor has a width of 40um in order to insure the fast precharge of the large capacitive
load. The final layout of the bus-tie circuit is shown in Figure 3.33.
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Figure 3.33 Bus-tie circuit layout in two adjacent PEs
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3.7 Processing Element Layout

A large part of the overall design effort went into creating a very dense processing element layout.
As mentioned above, this goal has influenced a number of circuit design decisions, especially the
dual access latch and the shift left/right circuit. The main layout constraint is imposed by the pitch
of the memory sense amplifier, which sets the width of the PE layout. For the SRAM memory
used in this project, this parameter is in the order of 40 um. Since the PE width is thus fixed, min-

imzing layout area is equivalent to designing a minimum length PE.

One of the issues of interest related to PE layout is its portability to other processes. Obviously,
the PE layout 1s dependent on the BATMOS design rules. The main factor though is the metalliza-
tion system, i.¢. the number of metal layers and the nature of contacts/vias (stacked or not). The
PE layout area, as expected, is extremely dependent on the three metal layers available in BAT-
MOS and on the availability of stacked contacts and vias. Some of the interconnections are made
using device diffusion wells and the gate polysilicon layers. These layers do not pose probiems in
porting, since they are available in any CMOS process. Hence, PE layout porting is feasible
towards other processes with a similar metallization system, after appropriate scaling to account
for different design rules. Such processes are fairly current today (1994), as can be seen by con-
sulting the documentation of various gate array ASIC manufacturers (IBM Microelectronics even

offers five metallization layers).

A PE symbolic floor-plan is shown in Figure 3.34. Approximately half of the area is taken by the
ALU multiplexor. The main difficulties in laying out the PE are encountered during interconnec-
tion routing. The first metal layer (METAL1) is used for local connections and mostly horizontal
short connections. A typical use is internal latch wires. METAL? is used to route mostly vertical
connections. These first two metal layers require 0.8 um width and 1.2 um spacing [Hada91} for a
minimum pitch of 3.0 um. The global connections are routed in the lowest resistivity TOP-
METAL. The global lines run horizontally across the PE array. TOPMETAL imposes a minimum
width of 1.0 um and spacing of 1.4 um. Larger values are used for both TOPMETAL width and
spacing in order to minimize electromigration and the probability of manufacturing errors. Very
localized connections are made using the GATE layer (polysilicon). Typical examples are again
latiches and also the ALU multiplexor. A limited number of connections are made through the
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device diffusion layer.

ALU ALU ALUb Memory Bus-tie
Precharge Driver Driver Data Cireuit
(Invert.) tInvert) laverter
8-to-1 Multiplexor ALU
ALU Memory Data In
Latch-
X Laxh 240-1 Muz
back
Dual Access Inverter
Dual Access Single Access

Figure 3.34 Processing Element layout floor-plan
(vertical of page is also vertical of layout)

The supply/ground connections run horizontally in METAL1 ot TOPMETAL, with vertical stubs
in METALS3. In general, the connection density in both directions reaches the maximum over the
ALU multiplexor and the support circuitry at the PE top, and is close to maximum in the remain-

ing area. Maximum density means that no extra connections can be routed in the specified area.
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Two PEs arc aranged 1n a vertically mirrored configuration. The main benefit is area compactien
as a result of two PEs sharing common elements. Examples of such elements are the source diffu-
ston of the ALU precharge transistor and the source diffusion of the large evaluation transistor in
the bus-tie circuit. Also shared are connections from the TOPMETAL global control tines. and
segments of interconnect originating from these. Beside reducing layout area, the shared TOP-
METAL contacts result in a smaller parasitic capacitance on the global lines.

The final layout is shown in Figure 3.35 for a pair of PEs, which is the basic cell in building the
array. The area taken by one PE is approximately 40 x 84 umz. This area includes two 2-to-1 mul-
tiplexors sourcing the memory data and write enable inputs, circuits that will be discussed in
Chapter 4. For comparison, the PE designed in the 1.2 um double-metal CMOS4S technology
[ENIP92] occupies an area of 36 x 552 umz. The BATMOS PE takes thus less than 17% of the
CMOSA4S one. It should be noted here that the CMOS4S PE did not implement the shift-left and
shift-right communication. As discussed in section 3.3.2, the implementation of shift operations
imposes the design of a dual-access latch, which in turn requires a trade-off between area and
power/speed, with high costs for both options. Also, shift-left/right requires two more routing
channels between PEs. Factoring these two elements in the comparison, it is estimated that for
complete implementations the BATMOS PE would take less than 12% of the CMOS4S PE. The
main reasons for this large area reduction are:

1. the extra level of metallization available in BATMOS:;

2. the availability of stacked contacts and vias (CMOS4S requires non-overlapped contact and
via);

3. the amount of layout work involved in designing the PE; and

4. the smaller 0.8 um feature size of BATMOS compared to 1.2 um in CMOQS4S.

As another reference point, the 8-bit processing element in the IMAP chip (see section 2.2.3) has
about 7,000 transistors and occupies an area of 419 x 2,628 um? {Yama94]. Compared to the 76
transistors BATMOS Baseline PE, the IMAP PE has 92 times more transistors while its area is
327 times bigger, despite the lower 0.55 um feature size, but partly justified by the availability of
only two metal layers.
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Figure 3.35 Dual Processing Element layout (layou vertical is page horizontal)
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3.8 Summary

The C*RAM Processing Element proposed by Elliot [ENli92] was implemented in a ().8 um triple
metal level BICMOS technology (Northern Telecom’s BATMOS). Use of precharged logic
blacks, layout-aware circuit design and careful full-custom layout have resulted in a very compact
40 x 84 pm* PE arca. Functional safety 1s insured by latching the precharged nodes, accepting
thus a small arca. speed and power penalty in exchange for static-like operation.




Chupter 4 - BATMOS Computational RAMs

Chapter 4

BATMOS Computational RAMs

4.0 Using a Plattorm RAM

In order to design a Computational RAM, the PE array has to be grafted to a given memory, or the
memory and PEs are codesigned from scratch. The second approach will very likely yield a high-
performance C*RAM, while requiring much more design resources. Memory design is at the bor-
der between digital and analog worlds. A good memory design, with high density and yield.,
requires experience with the given technology, and this can only be obtained during a number of
design/fabrication iterations. The context of the present work - one-man team, academic enviror-
ment, limited time-span - required the limited resources to be directed towards implementing the
new concepts. The alternative might very well be an ambitious try with no results to advance the

project. The conclusion is that using an existing memory design meets best the overall goals of
the C*RAM project.

This work benefitted from a collaboration with the Memory Design Group in Bell-Northemn
Resear... This group supports BNR's ASIC design activity with modular multi-port cmbedded
SRAM and DRAM macro-cells. These designs are described in two papers |[BNRM92],

[BNRMB93], and some of the information required to understand C*RAM design lecisions will be
reiterated in section 4.1.

66
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For C*RAM, the main thing of interest 1n memory 1s the number of sense amplitiers that can be
activated at once. This sets the upper limit on the number of PEs on chip, a limit attained if the PE
layout width (pitch) ¢=n be made as tine as the sense amplifier pitch. The maximum number of
sense amplifiers -7 a BNR SRAM memory module is 64. This means that a memory block can
supply at most 64 PEs. In order to support a larger number of PEs. the sense amplifiers and col-
umn decoder would have to be modified, by redesigning smaller pitch column circuitry. Modify-
ing the BNR desizn amounts to modifying dense full-custom layout circuitry driven by tight selt-
timed clock signals. Again, this was deemed to involve a large amount of work outside the man
thrust of the project, increasing the overall risk. A design decision was made not to attempt modi-
fications of the baseline memory. The alternative for integrating more than 64 PEs on a C*RAM

is to use multiple memory modules.

4.1 BNR’s Modular SRAM

BNR’s RAM design is in fact a family of modular SRAMs, including single-, dual- and four-
ported modules, using similar building blocks in the periphery. The SRAMs have a synchronous
(i.e. clocked) interface, which makes the rest of the systems to see the memory as an addressable
cdge triggered register. Once the memory is activated by the rising edge of the clock (Figure 4.1),
a self-timing scheme generates all other timing signals and completes the cycle irrespective of the
clock duty cycle. The self-timing circuitry uses model paths to track process, supply voltage and
temperature variations, resulting in a maximum operating frequency of 180 MHz. This tight self-
timing scheme is one of the reasons modifications in the memory design were avoided.

e /4 \\\\ J{_

Access time

Figure 4.1 BNR's synchronous sRAM uming
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The single-port SRAM core memory cell 1s the typical 6-transistor CMOS memory cell. Since the
BATMOS process does not have any memory specific enhancements, such as high-resistivaty
polysilicon loads. the cell area is rather large. 131.3 um-= [BNRMY2]. For comparison, SRAM
cells designed using a process with similar feature size (0.8 um) but including SRAM-specihc
enhancenients have an area of 44 um3 [Wada87]. It should be noted here that a recent analysis of
SRAM design for low-power [Taka93] pomnts towards a return to the 6-transistor CMOS cell
wihen low-power is essential. since its static power consumption is three orders of magnitude

lower than that of the high-resistivity polysilicon load cell.
4.1.1 SRAM Modularity Parameters for C*RAM

The r.odularity range for BNR's SRAM family is presented in Table 4.1 [BNRM92].

Table 4.1 Platform SRAM Modularity Range

Parameter | Min Step Max

Words 8 1 8K

I/O Bits per word 1 \ 64

Total bits 8 - 64K
Rows 4 2 256
Columns 2 2 256
Columns per VO bit 2 2 32

Row address bits 2 1 8
Column address bits 1 R 5

a. Single-port vs. multi-port

The dual-port option is an interesting one, since it maps well with the dual nature of C*RAM:
computation and storage. The two ports are totally independent: for example, a read cycle can be
executed by both ports simultaneously on the same cell. This is an obvious advamage for the
C*RAM system, since computation can be done at the same time with reading previous results or

writing new data for future computation. As expected, the disadvantage of the dual-port SRAM
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ressdes 1n its larger 197.8 um® memory core cell. This is an increase of 519 over the single port
cell arca. Since the extra memory cell urea would result in a smaller PE local memory. the dual-
port option 1s rejected in favor of the single-port memory. The dual-ported C*RAM might find

usc in very specialized applications, involving high-speed real-time data processing.

b. Word length (n}
As mentioned before, this parameter specifies the number of sense amplifiers active in a read

cycle, hence the maximum number of PEs. We choose the longest word length available, n=64.

¢. Rows and columns (r and ¢)
We are interested in having the largest local memory, once the number of PEs has been decided.

Hence we choose the biggest memory block available, which has r=256 physical rows and c=256
physical columns. Since we already chose the word length n=64, the resulting logic organization
of the memory is 1024 words x 64 bit/word. There are 2 column address lines and 8 row address
lines for a total of 10 address lines for the memory block. The column decoder selects one bit

from every group of four physically adjacent columns, for a total of 64 out of 256 columns

decoded in one memory cycle.

256 cotumns ,_“i"'_’sﬁ‘ﬁ
Address | § g
- A
1L
e ¥
Address
2 Column Dec.
4 Seuse Amp
Write Circult
Irr o0 |

Figure 4.2 SR AM organization for C*RAM (C64plk)

For the 512 PE C*RAM, memory size had to be traded off in favor of the higher PE count. The
chip utes cight memory blocks, each with half the number of rows and the same number of cai-




OOSGS EE ——————

Chaprer 4 - BATMOS Computational RAMs T0

umns (hence still 64 PE per block). There are thus seven row address lines for a total of ame. The
same half maximum size block was used tor the Cs64p512 C*RAM. because of the limted sih-
con area available.

The local interface between the memory sense amplifier/wrnite circuitry and the processing ele-
ment is shown in Figure 4.3. There are separate lines for data input and output. The memory out-
put (MQ) is registered, i.e. it keeps the value of the last read cycle until a subsequent read cycle.
(as can be seen in Figure 4.1). There is a Local Write Enable (WE) mask that qualities a Global
Write Enable. During a memory write cycle, write is inhibited for the bits that have WE=LOW.

Sense Amplifier and Write

Write Enable Data Out Data In
MD

WE MQ
A v A

Figure 4.3 | bit memory interface

4.2 C*RAM Data Input/Output

The chosen value for the C*RAM word length, n=64, would normally require a 64 bit wide input/

output data bus and 64 dedicated pins on the package. This will result in a package with around
100 pins, after adding the address and control lines and an appropriate number of power and
ground pins. A large number of such supply pins is necessary to attenuate the power/ground volt-
age bouncing, triggered by a large number of output pads switching simultaneously (as a rule of
thumb in BATMOS, there should be one pair of supply pins for every four output pins. This rule
should be qualified by the output driver speed - slower speed results in a smaller bounce). The
large package would defeat the initial requirement of compatibility with typical memory chip
packaging, in order to build compact C*RAM arrays on small PCBs (in SIMM manner). Also, a
64 bit internal Jata bus would occupy a fairly large amount of silicon: assume at least some seg-
ments are routed in TOPMETAL with the minimum pitch of 2.4um; then 64 parallel lines will
take 153.6 um, which is almost twice the PE length.
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For future generauons of commercial memory. the 64-bit input/output data bus is not unrealistic.
The 256Mb DRAMs are in the experimental phase at the moment of this writing, and mosi of
these chips usc an 8- or 16-bit wide bus. There is at least one DRAM manufacturer (Samsung)
mentioning an optional x64 organization of their future commercial 256 Mb DRAM (EET813].
beside the x8 and x16.

For this project, there are good reasons to decide on a smaller data bus. Typical choices are 8 or 16
bit, with 8 bit being the .nost common data bus width in present day SRAMs. For DRAMs, the
most popular data bus width now is the x4, with the x8 organization commanding a 5-10% price
premium. 16-bit data bus organizations are also available for 16 Mb DRAMs, at 10-15% price
premiums over x4. We adopt an 8 bit wide data bus, for the reasons discussed above, and also to
reduce the risk involved in manually laying out a wider data bus (there i« a fair amount of repeti-

tive, hence error-prone, layout work involved in wide busses).

With a 64 bit wide memory interface and an 8 bit wide /O data bus, a combinational circuit has to
be interposed between the two, to route 8 bit words to and from the eight 8 bit memory channels.
This can be seen as an extra level of column decoding, since it selects from 64 “columns” of sense
amplifiers (although there is only one row), as shown in Figure 4.4. We label this logic level “I/O

Data Decoder” or “I/O Decoder’”'.

SA] SA] SA Sense Amplifiers and SA | SA
[1) 62 (1] thCIrtItry 1 0
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PE | rE | PE Processing Elemeats PE| PE
[+ 62 [1] 1 0
Z3ZIZIZ S A S Z 3 2SN
Inpev/Output Duta Decoder sad /O Duta Bus e RIVWR
o= " RAM/CRAM
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Figure 4.4 64 PE C*RAM Input/Output organization




Chapter 4 - BATMOS Computational RAMs =2

There 1$ one important restriction imposed on this extra level of column decoding, when com-
pared to conventional memory column decoding. In the latter. there is no restriction on the map-
ping of the selected columns to the YO data lines. This could result in a multi-bit YO word being
scattered in non-adjacent physical columns when written into the memory. Whether the word 1s
scattered (even in multiple memory chips within a memory subsysiem) or not is of no conse-
quence in a conventional system, since the opposite operation is performed when the word is read
from memory: the bits are recomposed on the system data bus. By contrast, in a C*RAM system
we are interested in keeping a data word in adjacent logical columns, since this arrangement cor-
responds to the local shift left/right con.munication between adjacent PEs. The adjancency condi-
tion is an absolute must for the bit-parallel oriented C*RAM (discussed in Chapter 5). which uses

groups of adjacent PEs to process multi-bit words.

Directly mapping the above description, one way to implement the /O Data Decoder would be by
grouping eight 8-to-1 bidirectional multiplexers, Figure 4.5. In fact, the adjancency condition dis-
cussed above makes this implementation very expensive in terms of routing area, if the multiplex-
ors are of logic gate type. For example, the Icftmost 8-to-1 multiplexor, corresponding to bit 7
(MSB) in the I/O data word, has to select between columns numbered (counting from right to lef1)
63, 55,47, 39, 31, 23, 15, 7 as shown in Figure 4.5. The next multiplexor, corresponding to bit 6,
selects between columns numbered 62, 54, 46, 38, 30, 22, 14, 6, and so on. This structure has a

large number of cross-connections, hence it requires a large wiring area.

E Memory
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Figure 4.8 Logic function of VO Data Decoder (2 out of 8 multiplexors shown)
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A much more etfective structure s the usual “bus and decode™ arrangement of a column decoder.
presented 1n Figure 4.6. The eight multiplexors are now distributed over the length of the array. by
connecting the outputs of interest to a common line via tri-state drivers. By appropriately connect-
ing the three selection lines to the decoding gates we can route a byte on the VO data bus in adja-

cent logical columns (one logical column corresponds to one sense amp/write circuit).

.................................................................................

Memory
E SA ] SA SA SAJISAISA |l SA SA SAJISA ] SA SA J1SAL]1SA (] SA SA
:-—H;L—-m--l-l-l--- -- 3 F--FH--JJ3- -1 F----- - - -1 -FEE-3--Jit--EkE---0C
PE JJPE JJPE }|PE ||PE |]PE |]PE | |PE PE |[{PE |[|PE |JPE || PE |} PE |[JPE || PE
63 62 61 50 59 s8 §7 56 55 54 $3 §2 s1 50 » 48
108<2:0>

RS MR PTG S SHPRPINNY Pyl R [P =gl JF DEGURINY [ EIR PR (RN cemseboana

Figure 4.6 Practical arrangement of the I/O Decoder

Three new selection lines are necessary to select an 8-bit word from the 64 bits available. These
lines are labeled 10S<2:0>, for Input/Output Select. The actual decoding circuitry is presented in
Figure 4.7. Apparently, one 3-input AND gate would be enough to decode one 8-bit word, since
the 8 adjacent bits are selected together. In fact, this is an area expensive solution, because of the
connections from this single gate to the eight tri-state drivers. These connections would extend
horizontally to the eight destinations. They would have to be routed in TOPMETAL, since
METALI (closest to silicon) is taken with local interconnections and METAL2 routes vertical
links. In fact, as the final layout will show, the TOPMETAL layer has to accommodate the eight I/
O data lines, the three 10S lines and two more control signals (explained later). Adding more
TOPMETAL lines will extend the interconnect only area.
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The more compact alternative is to replicate the 3-input decoding AND gate for every PE. using
area beneath the TOPMETAL connections already in place. The tinal decoding structure is shown
in Figure 4.7: one NAND gate is shared between two 10D section, with one inverter for every
section (bottom row of inverters in the figure). The inverter output is the actual selection signal,

termed WSx<i>. for Word Select (e.g. WS7<5> selects bit 5 of the seventh word: all cight
WS7<i> signals have the same logic value).

WORD<7> WORD<6> WORD<5>
VAN . e
PE | PE PE | PE
49 | 48 47 | 46

Figure 4,7 Decoding section in the /O Decoder

As suggested in Figure 4.7, the three inverters that generate the I0S selection lines complements
are also replicated for every selection cell. In designing the decoder layout, the various decoding
signals are obtained by overlaying eight different connection cells, with eight patterns of GATE
polysilicon and METAL1. These patterns decide whether an IOS line (a GATE wire) or its locally
generated complement (a METAL1 wire) is connected to the input of the NAND gate. By keeping
only the simple interconnect patterns in different layout cells, the correctness of the decoder can
be quickly verified through visual inspection.
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4.2.1 Output Data Circuitry

The circuit that controls the connections from memory outputs to the /O data bus is shown in Fig-
ure 4.8. The figure shows connections from the two most significant memory word bits (63 and
62) to /O lines 7 and 6, respectively. The tri-state driver function is implemented by adding trans-
mission gates in senies with the memory output driver (the MQ<i> lines). The enable control sig-
nal is activated when there is a memory access (RAM/CRAMB=HIGH), the access is a read cycle
(RD/WRB=HIGH) and only for 8 bits out of the 64 available, as indicated by WS<k> (Word
Select) from the decoding gate. RD/WRB is the global read/write signal required by the SRAM
control interface (the SRAM module uses the complemented signal). RAM/CRAMB is a new
control signal that identifies RAM operation when HIGH and C*RAM operation when LOW. All
the clements shown in Figure 4.8 are laid out in the pitch of two PEs, and do not pose special lay-

out problems.

MQ<683> MQ<82>
[10S<c2>
10Sci> M o
10S<cA> :V %
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Figure 4.8 Data output circuitry in the VO Decoder
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4.2.2 Input Data Circuitry

Figure 4.9 shows a segment of the circuitry connecting the bidirectional YO data bus with the
memory data inputs. The data routing element is the mdmx multiplexor, controlled by the RAM/
CRAMB signal. During memory access, RAM/CRAMB=HIGH and the byte on the VO bus is
routed to all 8 input byte channels. The write operation is only validated for one channci, by con-
trolling the appropriate local Write Enable inputs of the memory. These lines are sourced by the
wemx multiplexors, controlled by RAM/CRAMB. During memory access (RAM=HIGH). the
wemx multiplexor selects the Word Select (WS) signal as memory write enable.

During C*RAM Operate-Write cycles (RAM/CRAMB=LOW). the memory data input comes
from the ALU line and the local write enable comes from the PE W register output (WR in the tig-
ure). The enclosure labeled PE (Figure 4.9) shows that the input data multiplexor mdmx was laid

out inside the PE rectangular area (see the PE floor-plan in Figure 3.34).

Memory
Sense Amp & Write
Dataln ¥WrEnable

Figure 4.9

Data input circuit
in the /O Decoder




Chapter 4 - BAIMOS Computational RAMs 77

The wnte enable multiplexor is laid out beneath the [08<2:0> TOPMETAL lines. but is included
in the 40x84 pum? PE area cited at the end of the previous chapter. Although multiplexors mdmx
and wemx are discussed here for reasons of presentation completeness, they are considered part of
the BATMOS C*RAM PE. In the hypothetical RAM-PE codesign mentioned at the beginning of
this chapter, the column decoder would be designed to account for the PE/Input-Output muiti-

plexing.
4.2.3 Input/Output Buffers

This level of buffering is interposed between the bidirectional I/O bus running along the PE array
as part of the /O decoder and the C*RAM input/output pins. Figure 4.10 shows the buffer group,
physically situated at the middle of the /O decoder (Figure 4.4). The eight output buffers drive
the long lines to the I/O pins. They also reshape the memory output signals deteriorated by the
passage through the I/O Decoder transmission gates and the large capacitive loads.

The input buffers are tri-stateable, because they drive the same /O lines driven by the memory
output drivers through transmission gates. The input buffers are active during a memory write
cycie (RAM/CRAMB-HIGH and RD/WRB=LOW). The WR signal is the complement of RD/
WRB. As shown in the figure, the input buffers receive the 8-bit DIN<7:0> bus from the /O pads
and the output butfers generate a separate 8-bit DOUT<7:0> output bus.

I0D<7>

RAM/CRAM | tna2 ™
ndLo
xR o
o
* o]
DIN<T?>
DIN<6> From 1/0 pads

DOUT< 7>

To 1/0 pads
Figure 4.10 Input/Qutput buffers (for bits 7 and 6)
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4.3 C*RAM Instruction Multiplexing

This section presents the C*RAM block that feeds the operation code (opeode) to the PE array.
The opcode of the 64 PE C*RAMs consists of 14 bits: the 8 bit Truth Table Opcode (TTOP) and
the 6 bit Control Opcode (COP), presented in detail in Chapter 3. For future generation ot
C*RAMs, the opcode length is expected to increase, as more functionality can be added 1n a sim-
ilar area due to shrinking process features.

There are four possibilities to bring the opcode vord inside the C*RAM: 1. using dedicated pack-
age pins; 2. multiplexing on the address bus; 3. multirlexing on the data bus and 4. a combination
of the last two options. The alternative of providing separate opcode pins is rejected because it
increases the package pin count, hence the size and price of C*RAM. Multiplexing the opcode on
the data bus is shown below to be the preferred solution.

Examining a C*RAM Read-Operate-Write cycle (waveforms presented at the end of the chapter),
we observe there are two events on the address bus (the row read and write addresses) and none
on the data bus (asumming the opcode comes on a separate bus). Multiplexing the opcode on the
address bus would add a third event in between the previous two, while still leaving the data bus
unoccupied. The data bus is hence the better candidate for transmitting the opcode, because it
allows a more relaxed system timing. The previous discussion applies to a fast SRAM based
C*RAM, as is the case of BATMOS C*RAMs. In a hypothetical DRAM C*RAM, a memory
write or read cycle requires two events on the address bus, the row address strobed by RAS and
the column address strobed by CAS. The address bus is thus halved (compared to an equivalent
sized SRAM, which does not use address multiplexing), so for example a 16 Mb DRAM orga-
nized as 16 Mword x 1b/word only needs 12 address lines. This address bus is thus insufficient to
carry the 14 opcode bits of the 64 PE C*RAM, so opcode multiplexing would be again iequired.
There would be now six address events in a DRAM C*RAM Read-Operate-Write cycle (assum-
ing the read and write address are in different rows, also called pages in DRAM jargon). Even if
the RAS and CAS events have non-critical timing, due to the long row access time (30 ns for
example), six address events and the corresponding strobes are very demanding on the C*RAM
controller, and would become a real problem as the operating speed increases. The data bus
appears again as the preferred solution for multiplexing the C*RAM opcode.
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On the other side, we have already decided on a byte-wide data bus. for reasons related to supply
lines bouncing and layout compactness. We are thus constrained to use both the data and address
busses to transport the opcode. In a C*RAM operation cycle, the TTOP is used first (o evaluate an
ALLU function, then the COP dictates the destination of the result. Hence. the 8-bit TTOP has to be
provided first and therefore is assigned to the data bus, which does not have any other assignment.
The 6-bit COP is assigned to a section of the address bus, multiplexed with the read/write row
addresses. We arbitrarily choose the six least signiﬁcam- address lines to carry the COP bits.

Because the C*RAM address and data buses are now multiplexed buses (address and COP, data
and TTOP respectively), the opcode has to sampled into a dedicated internal register. In normal
memory cycles, the RAM address and data are sampled into memory registers by the memory
clock MCK (see Figure 4.1). In the C*RAM opcode register, there are two register sections for
TTOP and COP, each loaded by its own clock: TTOPLD anu COPLD. These two sampling sig-
nals have to be provided by the C*RAM timing block, or supplied directly from off-chip.

Figure 4.11 shows the opcode support circuit (TTOP only). The opcode information stored in reg-
ister is applied to the PE array under the control of three other timing signals. One AND gate for
each opcode signal is used to enable and drive the corresponding global PE array line. The signal
MTTOPCK (Main TTOPCK) marks the ALU evaluation period, generating the TTOPCK<i> sig-
nals, according to the TTOP register contents. Similarly, the signal WCK is active during the
write register phase. The third timing signal, BTCK, is dedicated to the Bus-tie control line.

DIN<7:8>

™~
W

TTOPCK<7:8>

=
|

e p—MITOPCK | .

Figure 4.11 TTOP register and associaed enable/driver AND gates
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4.4 Timing Generation

This section presents the two timing schemes provided for the 64 FE BATMOS C*RAMs: exter-
nal timing and internal timing based on external strobe and clock. The external timing was
adopted to allow for complete independent control on the timing. The internal timing circunt relies
on two external signals to generate the timing clocks. The two resulting sets of timing signals are
multiplexed under the selection of the External Control (XCTRL) pin.

Summarizing information from the previous sections, the timing signals to be provided are (given
in parenitheses are older names that appear in layout or initial schematic revisions):

1. ALUPRCKB (ALUPREB): the active LOW Au.U precharge signal.

2. TTOPCK: the active HIGH ALU evaluation clock.

3. COPCK (REGCK): the active HIGH write register clock.

4. BTENCK: the active HIGH bus-tie enable clock.

5. TTOPLD (OPLOAD): the truth table opcode load clock: edge-active.

6. COPLD (FLOAD:): the control opcode load clock: edge-active.

4.4.1 External Timing

The simplest way of controlling the timing for C*RAM is to dedicate separate chip pins for cach
signal needed and provide these signals from off-chip. This method uses minimal hardware inside
the C*RAM (input pads/buffers and metal connections) hence it minimizes the probability that a
silicon defect localized outside the PE array will cause a non-functional C*RAM. On the othcr
side, while the method is justified for a smal. series of _-cototype C*RAMs, it is undesirable tor a
commercial C*RAM since it requires a bigger package for the extra timing pins.

As discussed in Chapter 3, there are a number of restrictions with wich these signals have to com-
ply: ALUPRCKB, TTOPCK and COPCK have to be mutuaiiy non-overlapping; BTENCK can
not overlap ALUPRCKB. A typical timing diagram is shown in Figure 4.12. The TTOPLD and
COPLD signals are sampling clocks for the two opcode sections, hence require appropnate sctup
and hold times of data on the sampled busses.
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When the uming signals are coming from off-chip. the external controller has o insure the
required phase iclanonships. It the constraints are not met. the esult 1s either excessive power
consumpucn or/and logic error. The former appears when the precharge clock 1s overlapped with
the evaluation or bus-tie clocks. resulting 1n increased supply cross-bar current. Logice errors are
causcd by overlapping the ALU evaluation phase with the Register Write phase. since the regis-
ters are always connected 1o the ALU selection inputs. It the two phases overlap. the ALU-Regs-

ter loop closes and the initial ALU result can be corrupted. as discussed 1n detail in Chapter 3

paa e X TTOP x

'
i
|

rromo / W\

COPLD \\\
ALUPRCKB \ / \_
{ALU Precharge)
TTOPCK
{ALU Evaluste)
COPCK
(Write Register)

|
BTENCK
(Bus-tie Emnable)

Figure 4.12 Example of C*RAM specific timing signals

4.4.2 Internal Timing Circuitry

This circuit was designed in order to reduce the number of timing signals brought from oft-chip,

as an intermediate stage between prototype and industrial C*RAM. There arc obvious advantages
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to the internal uming opuon: a smaller C*RAM package: faster operaung speed. and a simpier
C*RAM controlier. The only disadvantage 1s a small increase in the C*RAM peripheral circuntry
arca. but this 18 far outweighed by advantages. The electnical schemauc is shown in Figure $.15
(the pretix TG stands for Timing Generator). There are three off-chip mnputs: OPS (Operate
Strobe). CCK (C*RAM Clock) and RESET. The RESET signal is used only after power-up. to
bring the statc machine based on D flip-fiops to the initial state. OPS and CCK are the actual tim-
ing signals. There arc two type of cycles the circuit can generatz, a standard ALU cycle and a
Bus-ue cycle. A fourth input, BTCYC, which is one of the bits in the Control Opcode register

decides which cycle will be executed.

The nsing edge of OPS serves to sample the truth table opcode (TTOP) on the 8-bit data bus. The
same edge marks the beginning of both types of cycles. After OPS going HIGH. all other transi-
tons in the circuit are dictated by CCK, starting with the first CCK nising edge. The circuit was
designed to accept a free-running CCK, with OPS signalling the beginning of a cycle. Both rising
and falling CCK edges are used to clock flip-flops in the circuit. This results in a higher operating
frequency compared to the case where only one type of CCK edge is active. CCK is supplied
from off-chip, hence it is speed-limited by the printed circuit board track capacitance and chip /O
buifers. With CMOS /O buffers and standard PCB tracks (without controlled impedance). CCK
1s limated to 50-60 MHz. Using both CCK edges (rising and falling) practically doubles the timing

generator clocking trequency.

The circuit is not a synchronous one: transitions are caused as a result of CCK edges but CCK is
not the common clock for all flip-flops. Instead, a scheme whereby the output of a flip-flop is used
to clock the next flip-flop in the chain is adopted. The main result of this interlocking scheme is
that ditferent clock pulses generated will be non-overlapped, as required by the constraints of

dynamic circuitry.

A standard ALU cycle is shown in Figure 4.13 and a Bus-tie cycle appears in Figure 4.14. In both
cycles. CCK transitions happen 5 ns apart, equivalent to 100 MHz CCK operation. While the cir-
cunt has been simulated at higher frequencies, 100 MHz is already difficult (if not impossible) to
sustain in a C*RAM system built on a standard printed circuit board.
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As can be seen in both cycles. the circunt torees the PE array 1o be in precharge when macuve a e

outside an active cyvcle). A RESET HIGH pulse 1s tirst applied to minalize the circuit. This signal
can be derived from the system power-on reset. Then, the OPS nsing edge starts the cvele by
enabling the circuit to register CCK tran<itions. The OPS nsing edge also samples the TTOP trom
the data bus. The first CCK rising edge after the OPS transiion has two eticcets: it gencrates 4
COPLD nsing edge that samples the Control Opcode from the address bus. and inactivaies the
precharge signal. bninging ALUPREB HIGH. The transitton on ALUPREB 1n turn activates the
ALU opcode evaluation, MTTOPCK=HIGH (Main TTOPCK). ensunng thus no overlap hetween
the two. The next event on CCK, a failing edge, causes MTTOPCK to go LOW terminaung the
ALU evaluation. The transition on MTTOPCK (rather than CCK directly) acuvates the write reg-
ister phase, MCOPCK=HIGH. again ensuring no overlap. The end of the wnte register pulse 1s
determined by the third event on CCK. a rising edge. This transition causcs MCOPCK to go
LOW, which in turn ends the cycle by bringing ALUPREB=LOW, i.¢. back to precharge.

The Bus-tie cycle is similar. The difterence is thai the cycle is one CCK period longer. in order to
allow for worst-case bus-tie propagation. A shortcoming of the design is that it generates the wnte
register pulse MCOPCK at the same time as in the standard cycle, as opposcd to the end of the
bus-tie enable signal BTENCK.

The Timing Generator layout was created by manually placing and routing standard cclls from the
BATMOS TCELL library. The cells are placed in two horizontal rows, with two vss strips on top
and bottom and a common ceatral vdd strip. Interconnecuons are rouied in the two top metal lay-
ers, METAL?2 (vertical) and TOPMETAL (horizontal). The final layout is fairly large because of
the bulky D flip-flops in the TCELL library. A custom layout could reduce the size to an estimated
25% but would require considerable layout and venfication effort.

4.4.3 Timing Generation in the 5§12 PE C*RAM

The CS12mpS12 C*RAM uses only one external timing signal, CCK. In contrast to the 64 PE
C*RAMs, the PE array is not normally in precharge. The PE cycle starts on the rising cdge of
CCK. An internal one-shot (monostable; circuit uses this edge to generate a precharge pulse. The
ALU evaluation lasts from the end of precharge to the falling edge of CCK. The CCK LOW pulse
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1s the Write Register phase, ended by the beginning of the following cyvcele. The one-shot carcun
delay 1s given by a chain of gates. The imnal versien used the ALUPRCKB hine o self-ume the
one-shot circust. but simulanons showed that the resulting pulse was too short for etfecuve pre-
charge. As an aliernative o the monostable uming circuit. the OPS/CCK uming generator (Figure

4.15) can be selected when the external pin ST (Self-Timed) 1s set LOW
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Figure 4.18 Timing Generator electrical schematic
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4.5 64 PE C*RAM Cycles

To summanize tuncuonal and uming informauon descnbed in this chapter. the tollowing 1s a syn-
opsts o1 the C*RAM cycle types. For system design purposes. all setup umes are 5 ns. hold umes
are O ns. access ume 1y better than 20 ns for read cyveles and better than 10 ns for page-mode read.
CCK penodas 20 ns. The exact values will be measured when the high-speed test set-up becomes

available (Chapter 6).

4.5.1 Memory Write Cycle

MCK ‘ )/—_——\_

Figure 4.16 C*RAM Write cycle

4.5.2 Memory Read and Page-mode Read Cycles

1
Address Aco:0> Byte 10S<2:0>
105<2:0> Addres S<:

RDVYWRB N\ RIVWRB /

RAM/CRAMSB RAM/CRAMB /

N
MCK f_\_ MCK |

Duta Out DQ<7T:0> Data Owt DQ<7:0>

Fig.4.17(a) C*RAM Rcead cycle (b) C*RAM Page-mode Read cycle
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4.5.3 C*RAM Operate Cycle

v \ Start Cucle Fod Crcle
RAM/

CRAMB

DQ<~ 0> th N abd X

Duts In rror

o __/ \\\
Address A<S-0> X“ obd! (.o'x

i

:
i
: i

Figure 4.18 C*RAM Operate cvcle

4.5.4 Read-Operate Cycle
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Figure 4.19 C*RAM Read-Operate cycle
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4.5.5 Operate-Write Cycle
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Figure 4.20 C*RAM Operate-Write cycle

4.5.6 Read-Operate-Write Cycle

MCK

RD/WRS
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DQ<7:0>
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Figure 4.21 C*RAM Read-Operate-Write cycle
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4.6 Synopsis of BATMOS Computational RAMs

Table 1.2 presents a summary of BATMOS C*RAMSs charactensucs.

Table 4.2 Syvnopsis of BATMOS C*RAM chips

\Y

;.l Cé4plk Cs64pSl12 1 CS12mpSi2

[Numberof PEs |64 64 512

Local PE memory (bit) 1024 512 480

Total memory (bitbyte) 64kb/8kB 32kb/4kB 240kb/30kB

RAM organization (wordlength) | x8 x8 x8

Serial access no yes no

PE length (um) 84 96 184

PE transistor count 76 84 147

PE array/memory ratio(%) 2.7 55 10

PE: Segmented Bus-tie no yes yes

PE: Boundaries (S&B regs.) no no yes

PE: Ripple-carry no no ycs

PE: Alternate registers no no yes

C*RAM timing source TG-2pin/Extern | TG-2pin ST-1pi/TG-2pin

Pin count (Actual package) 44 (84) 44 (68) 44/68

Silicon source CMC grant BNR internal CMC grant

Date layout completed Oct. 1993 Nov.1993 Aug.1994

Date chip received May 1994 Apr. 1994 Feb 95 (est)

Chip highlight First func. BAT- | Serial VO Bit-parallel Mul-

MOS C*RAM tiply (See Ch.5)

Figure 4.22 shows the block floor-plan of the 64 PE C*RAMs. Complete electrical schematics of
the C64plk chip are shown in Appendix A, and the chip pinout information 1s prescated n
Appendix B.
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Chapter 5

The Bit-Parallel Oriented Processing Element

5.0 Motivation

This section will present additional functionality added to the Baseline PE over the course of this
work. Two different reasons stand behind these developments. First, the Baseline PE [ENiY2] con-
forms to an already fairly classical view of the massively parallel single-bit processor SIMD
machine. As discussed in [Tani91], this type of machine is considered to exhibit a weak arithmetic
performance in floating point intensive applications, because of the bit-serial nature of multibit
arithmetic. Floating point multiplies are especially time demanding on bit-serial machincs. Even
the simpler case of integer multiply presents the problem of multiple redundant memory cycles to
retrieve the multiplicand and store the partial product of every partial addition. There is therefore
a need to go beyond the single-bit PE. Some of the SIMD machines presente 1 in literature address
this problem by using multibit PEs. For example, the MP1 from MasPar uses 4 bit PEs, which, as
noted in [Tani91] still require serialization for larger words. The IMAP discussed in the first chap-
ter uses rather conventional 8 bit PEs, since it is targeted for 8-bit pixei- image processing. The
often-cited Connection Machine CM-2 from Thinking Machines Corp. added 32-bit floating point
processors for every group of 32 single-bit PEs inherited from the previous generation.

Secondly, in the case of our particular implementation using ASIC SRAM as a C*RAM plavorm,
heavily optimizing the PE layout area resulted in a 97%-3% partition between a fast sub-10ns
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memory and slow processing elements. There is thus a double imbalance, tirst between the rela-
tive areas, then between the operating speeds. This leaves space for enhancing the PE tuncuonal-
ity by using supplementary area, bringing the PE/RAM ratio to the initial estimate of 10-15% . It
should be reminded here that the original estimate was aimed at DRAM-based C*RAM.

All the PE enhancements introduced here are geared towards bit-parallel arithmetic. The driving
philosophy 1s to move to the circuit level those often used operations that require a sequence of
instructions on the Baseline PE, being speed limited thus by off-chip constraints. The author con-
siders that one novelty of these circuits consists in the word length flexibility they allow. This
parameter is alterable dynamically (i.e. at any time during program execution) by writing certain
PE registers. Thus, one of the main advantages claimed for bit-serial PEs, the possibility to adapt
*he word length to the data requirements, is also conserved for the bit-parallel computation. Also,
the Extended PE includes all the functionality of the original PE, hence can still be used for bit-
serial computation. C*RAMs employing the new PE structure are thus dual-mode C*RAMs: bit-
scrial and bit-parallel. The author believes that the CS12mp512 C*RAM, which implements the
Extended PE, is the first dual-mode SIMD building block with complete word length flexibility.

A first modification relates to interprocessor communication, ransforming the global bus-tie con-
nection into a programmable segments bus-tie, discussed in section 5.1. Then, circuitry that will
adapt the shift operations to bit-parallel operation by defining word boundaries is introduced in
section 5.2. This circuitry, together with an extended ALU presented in section 5.3, addresses the
arithmetic weakness problem by providing a hardwired add/subtract ripple-carry chain. The final
section of the chapter shows how all these PE additions/modifications together with an extended
register set are used to perform bit-parallel integer multiplication, keeping all data and intermedi-
ary results within the PE array.

5.1 Programmable Segments Bus-tie (PSB) Network

The bus-tie network of the Baseline PE was discussed in section 3.4, and a functional schematic is
shown in Figure 5.1. During the implementation work for this circuit, it appeared that bit-parallel
oriented functionality can be added with a minimal amount of hardware. The new function is
shown in Figure 5.2. Instead of a global bus-tie that connects all the PEs (more precisely, the pre-
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charged ALU nodes) when activated. the segmented bus-tie allows groups of adjacent PEsS o be

connected in the same manner.

v

MUXB<i >
Li<p
MU XB<plo

X
‘ ‘ YA' Qicis >
x‘ x
x
Yﬁl [T P

Bus-tie
BT X ]

Figure 5.1 Bus-tie circuit in the Baseline PE (x denotes a precharged node)

A number of options are available when deciding how to partition the PEs into groups. The
boundaries of the groups could be fixed in the simplest case, for example delimiung groups of 8
PEs. In this case though, a separate circuit should be maintained to implement the global bus-te.

Instead, the segmented bus-tie was designed with programmable segments. The control line ot

N\ N N
§ x g x § x
2 )y :
L~ L~ L~
T+l T<i> Te-1>
Ry Reg Reg

SR

Segment Pass Gate <t+1>
Figure 5.2 The Programmable Segments Bus-tic (PSB) Network
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¢very wransmisston gate in the bus-te chain in Figure 5.2 is connected to the output of a new reg-
ister, the T (Tie) register. This register can be written by the ALU result line when a new WT
(Wnite Tie Register) control line 1s activated, hence can be programmed dynamically. T register
number <1-1> 15 chosen to control the segment between PE<i-1> and PE<i>. When all the trans-
misston gates are cnabled. the circuit functions as the global bus-tie, although it is slower than the

single line bus-ue (a quantitative comparison is presented later in the Simulation section).
5.1.1 Use of the Programmable Segments Bus-tie (PSB)

This section will show how the PSB circuit is a first step towards a C*RAM more oriented
towards multi-bit operation. Similar to the global Wired-OR performed by the original bus-tie
network, the FSB network executes a parallel V.'ired-OR for every PE group (segment).

We are working on 4-bit words, but in a bit-parallel manner, i.e. the four bits of a word are pro-
cessed at the same time by four adjacent PEs, and all groups of four PEs do the same operation in
parailel (obviously on different data). Now let us assume we want to propagate the rightmost bit
(conventionally here the least significant bit, LSB) to all other positions, e.g. the initial configura-
tion in say the X registers is xxx1 (where x stands for unknown value, 0 or 1), and the desired final
configuration is 1111. This operation has to be replicated for all groups of four PEs, as in the
example below (the convention pbbbb denotes parallel 4-bit bbbb words):

0110 1101 0001 1100 ...
or pb|b2b3b4

transforms into:
...0000 1111 1111 0000 ...
or pbybsbsb,

This operation, called here “bit extension™, could be used in a bit-parallel multiply sequence, as
will be shown in section 5.4. Bit extension is very cumbersome to execute on the baseline PE
C*RAM, since it involves repeated Shift and OR operations, as shown below:
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0. Load X with the data 1o be operated on.

1. Execute an AND operation between X and the mask pOOO1. This will kKeep the bit of inter-
est. the LSB. and mask out the rest (1.¢. set them t¢ “07). The mask 1s assumed to be avarlable i a
“usctul constants™ area of the memory.

2.Clear Y (i.c. set all Y registers to (), in preparation for next steps.

Start of loop:

3. Execute an OR between X and Y. with the result stored in Y. The Y register will hold the
desired result at the end of the loop.

4. Shift-left X. The hardwired destination is X. The current LSB bit moves one position to the
lett, while its place is taken by a “0" (see step 1). This “()" will leave the corresponding Y bit unat-
fected in the subsequent X OR Y operations.

5. Repeat from step 3. unul the initial LSB oit reaches the MSB position.

The bit extension execution time for n bit words, tgg(n). is:

tge(n) =tlgp + lop + 2(n-D) s top=2tgp + 2(n-1) * Lgp
where tgp is the ALU operation time.

The same operation 1s =xecuted by the following sequence with the PSB circuit:

0. Load X with the memory row to be operated on.

1. Load the word boundary mask pl1110 from memory and write it into T registers (this
assumes that the boundary mask data has been previously defined, as part of program initializa-
tion. The mask can be created by replicating the byte 11101110 enough times to fill a C*RAM
logic row). It is likely that the mask is already loaded, since the program might have already pro-
cessed 4-bit words with the same boundaries.

2. Load Y with the mask p0001 (again, previously prepared in memory). This time, thc mask
is specific to our example operation.

3. AND X,Y, activate the bus-tie enable, and write the result back to X. The AND will clear
the leftmost three bits to zero while leaving the LSB unmodified. With the result available at the
ALU output, the bus-tie will generate the Wired-OR within the 4-bit group, then the result is
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stored 1n the X registers (arbitrary choice, could be Y).

For speed benchmarking, we disregard the time required to prepare the bit-masks, since they are

“non-recurring costs” for software. Hence, the execution time tgg pgg(n) 1s:

Be.psp(N) = 2lgp + tpsg(n) = 2Uop + (N-1) * ty;psp
where
tpsp(n) = propagation time over the n-bit long bus-tie segment

tupsp = unit PSB propagation time from one PE to the next

The difference between the two execution times relative to the word-length n is that the first takes
2(n-1) ALU operation times, which are in the 10-20 ns range (or even slower if the C*RAM sys-
tem cannot match the internal C*RAM speed), while 1+~ second takes n-1 unit PSB propagation
times, which are in the (0.4-0.5 ns range (as shown in section 5.1.3). The PSB network has moved
thus the bit propagation process to the circuit level from the software level.

5.1.2 Circuit Implementation

Figure 5.3 shows the transistor level implementation of the PSB circuit within one PE. The new
clements in the actual bus-tie circuit are the two PMOS transistors PBTPRE and PBTLTCH.
PBTPRE is the local precharge transistor for the BTLOC (Bus-tie Local) node. Since the Bus-tie
metal line was replaced with a chain of pass gates, global precharge is replaced with local pre-
charge for each bus-tie segment. The transmission gates between segments are in fact just NMOS
transistors. This is possible because the dynamic bus-tie nodes are all precharged to logic High,
after which the only value to be propagated by the PSB network is LOW, handled weil by NMOS
(no threshold voltage loss). In other words, there is no need for the PMOS in the full transmission
gates since the PSB network either stays with all ncdes HIGH, or propagates a LOW. The other
new PMOST, the latch-back transistor PBTLTCH, is not absolutely necessary for circuit function-
ing. As in the case of the dynamic ALU (see section 3.1), it was added because the discharge
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Figure 5.3 PSB circuit implementation within a PE

time of the dynamic BATMOS circuits cannot be accurately simulated and predicted. Neverthe-
less, while the ALU evaluation is fairly fast (under 4 ns), the PSB network in the worst case has (o
propagate a LOW from one end of the array to the other (see simulations below). Hence, it cannot
rely on the parasitic capacitance to maintain all dynamic nodes to HIGH. PBTLTCH is thus added
to insure the HIGH value is latched after precharge. The obvious disadvantage is a slovser propa-
gation speed, since the evaluation NMOS transistors have to fight the latch-back when discharg-
ing the precharged node.

Outside the actual bus-tie circuit, 5 more transistors are needed for the Tie latch, Figure 5.3. This
is a single-access latch written by the ALU buffered result line. Its output is permanently con-
nected to the gate of the NMOS pass transistor connecting the BTLOC nodes of adjacent PEs, as
shown in Figure 5.4.
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T Reg T Reg
n _
BTLOC BTLOC
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I e L ot L

Figure 5.4 PSB Network Connections

§.1.3 Programmable Segments Bus-tie Simulation

Simulation waveforms of the Programmable Segments Bus-tie are shown in Figure 5.5. The cir-
cuit simulated is a chain of 64 PEs, with all connecting NMOS enabled, as shown in Figure 5.6.
At one end of the chain, the PE ALU<0> dynamic node evaluates to LOW (i.e. ALU=HIGH,
because of the inverting buffer). This value propagates to the other end of the chain (BT63/ALU).
Figure 5.5 shows that the segmented bus-tie network propagates the source signal (BTO/ALU) to
the other end of the array in 27.8 ns. The propagation time from one PE to the adjacent one is
close to (.45 ns. Hence, for 8-bit words, any PE can communicate its ALU value to the others in
under 4 ns.

It was pointed out earlier that the PSB network is slower than the simpler single line bus-tie. A
global wired-OR operation, beside affecting the results of all PEs, makes its result available on
one of the C*RAM output pins (BTOUT). The C*RAM bank controller, responsible for issuing
instructions, typically uses the BTOUT bit to conditionally branch to a different section in the
program. If the branch on BTOUT instruction is often used, a sizable speed penalty is incurred
due to the execution time difference between the 27.8 ns PSB global-OR and the 6 ns single-line
global-OR.

[n fact, the PSB time can be halved by connecting the two ends of the network to the inputs of an
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Figure 8.6 64 PE PSB Circuit
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OR gate, Figure 5.6 (lower left comer). whose output teeds the BTOUT pin. The worst-case prop-
agation time seen by the chip output is now trom the middle of the network to any of the its ends
Assuming a 1 ns delay from the array extremity to the OR gate inputs, the global bus-tie result can
be available at the output of the OR gate in under 15 ns. This is the data that is made available at
the BT output pin of the C*RAM chip. While the BTOUT pin recerves the new bus-tie value in 15
ns, the PSB network continues to propagate it to the rest of the array. with the previously men-
tioned end-t0-end worst-case time of 27.8 ns. The ditference can be uscd by the C*RAM control-
ler to schedule its internal operations in order to start the next instruction by the time the network
has finished evaluating. Another suggestion for the controller is to implement variable instruction
timing according to the word length, since shorter words require less time to execute the seg-

mented bus-tie. This option is only possible if the masks are constants known to the controller.

5.2 Shift Operations with Word Boundaries

A second PE development also oriented towards bit-parallel operation is described in this section.
It involves providing circuitry that will define the boundary between words during the shift lefv
right operations. Considering the Baseline PE operation, the shift operations act uniformly across
all the PE array, overwriting the X register with the neighboring right PE ALU result (for shift-
left), or the Y register with the neighboring left PE result (shift-right, see Figure 5.7). In the tig-
ure, the output of the multiplexor is now the output of the ALU inverting butfer, as opposed to the
previous figures where the precharged ALU node, MUXS, (marked with an x) was of interest.

Y Y Y
<i+l> <> <k-I>

L/ [

>

ALVU<i+]> ALU<d> ALU<}-1>

L~ L~ L~

Figure 5.7 Global Shift-right data low

\4
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We are interested in breaking this uniformity by introducing boundaries where the destinaucn

register (X or Y) receives a specified value instead, as shown for example in Figure 5.8. In the tig-

ure. there 15 a fixed boundary between PE<i> and PE<i-1>. When a shift operation is exccuted.

register Y of PE<i-1> receives the fixed value 17

gl

ALUd+1> ALUd>, ALUG-1>

R P R P

t

.-- Fixed Word Boundary
Figure 5.8 A restricted configuration for Segmented Shift

Beside the fixed boundary and the hardwired value, the disadvantage of this particular example is
that the global shift operation is no longer possible. A circuit that restores the global shift is
shown in Figure 5.9, where the shifted bit is now selected between the ALU result and a boundary
value B. The multiplexor selection line S should select transmitting B wherever a word boundary

is desired. In a global shift operation, all multiplexors select the ALU result.

Figure 8.9

Introducing shift
boundaries while
conserving the

D>
global shift i

+—

ALUd-1>
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The main design options to be considered hence are tixed/programmable boundarnies and tixeds
programmable values to be inserted at the boundary. As expected, the tixed alternatives are less
expensive in hardware but also less tlexible. They are deemed to be an excessive constraint on the
experimental C*RAM architecture. therefore the programmable alternative 1s chosen. Complete
programmability of the boundaries implies adding two more 1-bit registers to the new PE, Figure
5.10: one will hold a bit designating the PE as a boundary PE. the S (Select) register. The second
new register will hold the bit to be shifted into the adjacent PE a. a word boundary. the B (Bypass)

register.
Bypass B H—n B '—H
Register <> -1>
Select S | s
Register <> <-1>
Y _‘J Y
e <> d-1> AR

ALUd> ALUg-1>

L~ L~

Figure 8.10 Flexible implementation of Segmented Shift

5.2.1 Circuit Implementation

The two registers S and B are implemented as single access latches, presented in section 3.3,
There is no need for double access since the two registers have a rather specialized function. The
2-to-1 multiplexor is a new building block for the extended PE and its implementation is dis-
cussed below.
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There are two different ways to implement the 2-to- 1 multiplexor: standard CMOS logic, Figure
5.11 and transmission gate logic, Figure 5.12. Comparing transistor counts, the first design uses 7
PMOS and 7 NMOS transistors, while the second uses 3 NMOST/3 PMOST. Hence, due to the

clear area advantage, the transmission gate implementation is preferred.

SEL .._.._-.-..—-—
hY
\
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MX2

Figure 5.11 Logic gate multiplexor Figure 5.12 Transmission gate multiplexor

In fact, the area could be apparently further reduced by using NMOS pass transistors instead of
the full ransmission gates. The problem though is that the multiplexor output has to write a latch
through an access NMOST. Adding a second series NMOST would be equivalent to doubling the
channel length of the latch access transistor (or equivalent, halving the width), which has a nega-
tive impact on the symmetric latch LOW-HIGH state reversal, as shown by the simulations in sec-
tion 3.5.3.

5.3 Dedicated Add/Subtract Ripple-Carry Circuit

So far we have introduced the Programmable Segments Bus-tie (PSB) and the segmented shift in
order to favor bit-parallel PE operation. Part of the utility of these circuits will be shown in this
section. One of the most important operations in a computer is integer addition/subtraction. Also
very important operations, comparisons are in fact subtractions, which in 2’s complement number
representation are executed by the same adder/subtracter hardware. Hence, the natural next step in
enhancing the PE is to add circuitry dedicated to this function, and investigating a trade-off
between the amount of extra hardware and the functionality.
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As shown in section 3.1, a 1-bit full adder consists of two logic functions of three vapables:
exclusive-or (XOR3) and carry-out (CY 3, or the 2-of-3 majority function). With the Bascline PE,
a multibit add/subtract is performed in a bit serial manner: two separate ALU cycles are required
to generate XOR3 and CY 3 results, with the carry-cut result kept in one local register to be used
in the next significant bit full add.

Assuming we want to execute an n-bit bit-parallel integer add/subtract on the Baseline PE, a prob-
lem 1s posed by the carry-out propagation from the L.SB to MSB. If the carry-out is to be gener-
ated by the current ALU, we still need n PE cycles to compute and propagate the carry-outs, plus
one final cycle to compute the sum (XOR3), this time though for all n bits at once. Comparing to
the 2n cycles requircd by the bit-serial version, the bit-parallel add needs n+1 cycles to operate on
n times fewer words. Hence, there is a speed advantage for individual adds/subs, but for a large

number of operations there is a slight disadvantage in the throughput of the bit-parallel program.

Note that in order to do the bit-parallel add, the segmentable shift circuit is a must. The shift left
(for example) would be used to transport the carry-out from one bit to the next significant bit.
Hence, word boundaries are necessary in order to provide a known carry-in for the LSB (0O tor
add, 1 for subtract) and also to prevent the carry-out from an MSB from corrupting the subsequent
CY3 operations in the neighboring word.

The previous discussion is valid for the case of Baseline PE, whose single-output ALU is the 8-to-
1 multiplexor. The obvious idea to speed-up the bit-parallel add/subtract is to add one more ALU
logic function unit, capable of computing the CY3 function. The immediate question is whether
this function unit should be programmable, i.e. able to generate other logic functions beside the
CY3, similar to the original ALU. We decide against this alternative, since the area of an 8-to-1|
multiplexor represents the bulk of the PE. Also, as shown below, extra hardware beside the func-
tion generator itself is needed for the operation, so we need a minimum area carry generator.
Hence, the new function unit is hardwired to generate only the CY3 function, and will be referred
to as the Carry block or ALU Carry.

Examining the data storage required by the bit-parallel ALU, we observe that two operands and a
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carry-out word have to be stored in PEs. These three operands are inputs to the final XOR3 opera-
uon. One local PE register, X or Y. has to be reserved for storing the resulting carry-out. The other
register would store one of the operands while the remaining operand would be supplied by M as
the last row read from memory. Storing the carry-out in X or Y means adding one more access
transistor beside the existing two. Since the original PE layout is too dense to support this moditi-
cation, a new register called C (for Carry) is added. The output of C is directly connected to one
input in the Carry block. Since the contents of C is one operand in the final XOR3 executed by the
ALU, C has to have access to one of the three selection inputs supplied by Y, X and M. This is
done by multiplexing C and one of the three, by adding one 2-to-1 multiplexor and the corre-

sponding selection control line, as part of the Control Opcode (COP).

........................................

Carry Register

+ Clrrﬂt'

ALUd+D> ' : ALU<>
* PSR ——

Figure $.13 Carry block in the Extended PE

Examining Figure 5.13, we note that the Select (S) and Bypass (B) registers introduced to imple-
ment the Segmented Shift also intervene in cary-out propagation with a similar purpose. They are
used to define the word boundary, in conjunction with a new 2-to-1 multiplexor that selects
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between the Carry Block result and the Bypass register value. The selection line 1s controlied by
the S (Select) register. As in the case of Segmented Shift. at a word boundary S will select the
Bypass value which will represent carry-in tor the neighboning word. Add and subtract operatwns
can be done at the same time after the appropriate operand complementing, because Bypass can
supply a carry-in of 0" for adds or a carry-in of "1 for subtracts. after being programmed
accordingly.

The final ripple-carry circuit presents one variation compared to the circunt in Figure 513
(above): the 2-to-1 multiplexor is removed from the carry propagation path every other PE, Fig-
ure 5.15. This results in faster propagation of the ripple-carry. The word boundanies can now be
defined in increments of 2 bits, which is not a problem since most operations use 8-bit words or
more. In fact, a largest 4 bit increment might represent the right balance between ripple-carry
speed and word length flexibility. This option was rejected because it involved managing the
design of more PE cells (left PE or right PE, with or without the multiplexor), hence would have
added extra risk to the project.

§.3.1 Ripple-Carry Circuit Implementation

For the same reasons discussed in the BPE circuit implementation, the ripple-carry circuit is
designed as a dynamic-logic circuit. The transistor level schematic is shown in Figure 5.14. The
dynamic logic alternative eliminates the bulky PMOS section with the exception of one precharge
PMOS. Also, it reduces the capacitance on the output node, hence it speeds up the carry propaga-
tion. As in the case of the ALU multiplexor and Segmented Bus-tie circuits, there is a weak
PMOS latch-back transistor to protect the HIGH state on the precharged node. Unlike the ALU
multiplexor, there is no weak NMOS latch-back, since the carry block is either in precharge or in
evaluation (controlled by the same signal CYPRE), hence a path to either supply is always open.
The situation of the PMOS latch-back is very similar to that of Segmented Bus-tie, as the duration
of the evaluation phase can be long, depending on the current word length. In a well controlled
technology the latch-back PMOS could be removed in order to gain extra speed.
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Figure 8.14 Carry circuit schematic

Discussing qualitatively transistor sizing for the carry circuit, Figure 5.14, we have the following
criteria. The most critical transistors for carry propagation are NCIN and NEVAL, hence they will
be the largest in the circuit (in terms of w/l). The laich-back PLATCH has the lowest w/l, hence
minimum width and the biggest length as permitted by layout. The inverting buffer (PIBUF and
NIBUF) has to be powerful enough to drive the carry-out through one transmission gate 2-io-1
multiplexer, one latch access NMOST and into the Carry latch of the following PE. The other
NMOS evaluation transistors, NACT, NBCT, NABT and NABB have all minimum length and as
large a width as permitted by the layout. The final transistor sizes are constrained by the PE area
available and are shown in Figure 5.14.

In tact, a ripple-carry chain is a cascade of carry blocks. A cascaded sequence of dynamic logic
blocks would normally require some form of latching (.ike clocked CMOS inverteis) between
blocks, and multiple evaluation cycles to propagate the results from one end to the other. Or, a
sequence of dynamic logic blocks might avoid intermediary latching if it uses alternate n and p
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evaluauon blocks. with the speed or area penalty imposed by the p block.

Examining the ripple carry propagation. we remark that if at any point in the chain the result of
the evaluation is a logic-1 value (considered at the output of the inverting butfer). there 1s no pos-
siblity of this result having to be moditied back to logic-0 as a result of a new value on carry-in.
In other words. considening Carry-out as the 2-of-3 majonty function, if imtally only 2 out of the
3 inputs were logic-1, the fact that the third input later becomes logic-1 as a result of carry propa-

gation will not affect the resuit of the initial evaluation. This monotonicity property makes the rip-

ple carry chain very amenable to dynamic logic implementation: only one precharge phase 1s
necessary, after which the chain is left in evaluation for the duration of worst casec LSB to MSB

propagation time.
§.3.2 Ripple-Carry Chain Simulation

Figure 5.15 presents a ripple-carry circuit with 8 stages. As explained above, there is one word
boundary multiplex¢r every other stage, for a total of four. The circuit implementation of the 2-to-
1 multiplexor is based on transmission gates, as discussed in section 5.2. All MOST sizes repre-
sent the actual final layout dimensions in the C512mp512 chip. In order to evaluate propagation
speed, the circuit in Figure 5.15 is simulated with typical BATMOS parameters, at a temperature
of 75°C. The inputs are set up to create the worst-case rippling, from LSB to MSB: one operand is
all logic-1, the other is all logic-0 and the initial carry-in is logic-1. The simulation waveforms are
shown in Figure S.16. The ripple-carry cycle starts with a fixed duration precharge phase
(CYPREB= LOW), then the circuit is left in evaluation. The total cycle time is dependent on the
number of stages:

Tcarry Cycle(M) = Tprecharge +0-5 * 1 * TppE Carry

where:
Tprecharge = duration of CYPREB=LOW
n = even number of bits (i.e. number of PEs)
TppE Carry = CAITY propagation time through a double PE block (including one muluplexor)
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For our circunt, the values resulung from simulation are: Tppg cyry = 1.2 ns. Considering Ty,

ns.

The C512mp512 C*RAM chip, which has 512 PEs, is capable of executing Ngpgp=16 32-bit
additions in parallel. A bit-parallel add requires first a ripple-carry cycle, followed by an exclo-
sive-or (logic sum) operation of the resulting carry word with the two operands. Assuming 40
MHz system operation and a rate of one C*RAM instruction per cycle (25 ns), then 16 32-bit adds
are executed in T, 443,=50 ns. By dividing T, 443, by the number of additions, we obtain an equiv-
alent time of 3.125 ns/chip/operation. This value is comparable to the operation time of a family
of experimental stand-alone 32-bit ALUs implemented in 0.25 um SRAM CMOS, reported in
1993, [SuzuY3].

Trying to extrapolate to DRAM-based C*RAM, we have to weight the following factors:

a. DRAM are notorious for using “‘slow” transistors, hence a disadvantage compared to BAT-
MOS:

b. the virtual DRAM C*RAM will use a more advanced technology than 0.8 pum, and this will
compensate for the slower transistors;

¢. there will be more PEs in a DRAM C*RAM, for example 2048 PEs in a 16 Mb DRAM,
hence even if the execution time is somewhat higher, the equivalent per operation time is esti-
mated to be at least two times smaller than stand-alone ALUs (one C*RAM chip considered).

d. the extra area taken by the Extended PE will represent a bigger percentage of the DRAM
area, or equivalent, there would be fewer PEs for the same percentage of area increase.

The 2048 PEs in a 16 Mb DRAM estimation mentioned above has factored in point d. The argu-
ment is based on the design work done by D.Elliott on an actual 4 Mb DRAM platform. The
resulting C*RAM had 2048 PEs for a 15% increase in the initial area. It is assumed thus that by
going to the next DRAM generation, the 16 Mb. the number of PEs can be doubled to 4096 for
about the same 15% area increase, or alternatively, the same number of Extended PEs is con-
served.

The layout of two Carry Blocks in adjacent PEs is shown in Figure 5.17.
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5.4 Bit-parallel Integer Multiplication with the Extended PE

This section demonstrates how all the supplementary hardware added to the Baseline PE is used
in performing bit-parallel integer multiplication. The operation is performed as a sequence of add
and shift operations. The main characteristic of the multiplication is that it is done entirely within
the PE array, without any memory access after the operands have been brought into the PE regis-
ters. The first advantage of this approach over bit-serial multiplication is shorter ¢xecution time,
because it avoids redundant memory access to retrieve the multiplicand for each partial add. The
speed advantage is bigger for DRAM C*RAM, for which memory cycle times are 5 to 10 times
longer than SRAM. The advantage of maintaing the whole sequence wtithin the PE array is low
power, for both SRAM and DRAM based C*RAMs, because it avoids the sense amplifier power
consumption.

5.4.1 Extended Register Set

The Baseline PE offers only two data registers, X and Y. The third data input to the ALU, M, is
assumed to be registered in the memory interface circuitry. In order to support the bit-parallel
multiply, four new registers are defined in the Extended PE. Figure 5.18 shows this extended data

register set.
MQ
Carry-le
L 4
Y3 X3 M3
AY AX AM
Lasy v law
Al Y avl § X Ay M
> T Usare
LevALUSINY
ALY
Ste1 Maktiplmer | ALY
8, TP >

Figure $.18 Data registers in the Extended PE

The M register is now the explicit source of data line M. M is a dual-access latch and can be writ-
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ten by both the ALU output and the local memory output. Three more registers, AX. AY and AM
constitute the “alternate register set”. As Figure 5.18 shows, the word “‘alternate” indicates that
only one in a register - alternate register pair can source the ALU multiplexor at one time. The
selection is made by three 2-to-1 multiplexors, controlled by three new globa! signals, XS, YS
and MS. All data registers are writable by the ALU output, which adds four more global write-
register signals, WAX, WAY, WAM and WM.

The choice of this organization was directed by the “minimum hardware™ criterion. The 2-to-1

multiplexor is very compact when implemented with minimum size transmission gates, as shown
before.

In a previous section, it was said that the result of the hardwired ripple-carry chain can be written
into a new register, temporarily called C. This register has to have access to the ALU multiplexor
in order for a carry result to be used in the subsequent XOR operation, hence C should be in fact
one of the six data registers. Since X, Y and M are already dual-access latches, the practical
choices remain the single-access AX, AY and AM. Further restrictions are imposed by the
Extended PE layout, where AX and AY are added close to X and Y in a dense connection area.
The AM register remains thus the only alternative as Carry-out destination.

The Extended PE architecture is presented in Figure 5.19 and the complete layout of two adjacent
Extended PEs (Left and Right) is shown in Figure 5.20.
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Figure 5.19 Extended PE (XPE) architecture
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5.4.2 Bit-Parallel Multiply Example

Since a generic presentation would be fairly difficult to tollow. an actual example is shown. We
assume we are working on 4-bit words. The result of the multiplication is an 8-bit number.
Although the numbers are signed integers represented in 2's complement, the example uses only
positive numbers. In general, an r1 by n multiplication gives a result of length m+n. If p is the
total number of processors, then p/Am+n) is the number of multiplications being performed in par-
allel (assuming p is divisible by m+n).

The example multiplication is presented in Table 5.1 through Table 5.8, each table corresponding
to a C*RAM basic operation. Only the first cycle is shown, corresponding to the first partial prod-
uct. The multiplication procedure takes n such cycles. In each table, the operands of the operation
to be executed are in bold characters. The result of the current operation appears in a shaded box
in the subsequent table. The arrows in the X and Y register boxes are intended as a reminder that
these registers are hardwired destinations of Shift-left and Shift-right, respectively. The table for-
mat is intended to suggest which operands are available to the ALU: there are three columns, cor-
responding to the three ALU operands. From each column, only one of the two registers can
source the ALU selection line.

The register assignment is as follows:

X = temporary results; also used to shift left the multiplicand

Y = the multiplier B initially, then right-shifted versions of it, one bit shift after each partial
sum.

AX = the 8-bit “1"" mask: p0000_0001

AY = running sum (partial product), holding the final 16-bit result at the end of the loop.

M = the multiplicand A initially, then left-shifted versions of it.

AM = temporary carry-out for partial adds and scratch register

T = the 8-bit “‘complement 1" mask: p1111_1110. This breaks the bus-tie into 8 bit scgments.

S = p1000_0000. This will cause MSB of B (Bypass)to be shifted left/right instead of MSB
ALU.

B = pOxxx_xxxx. This provides the O left-shifted as multiplicand LSB after each partial sum.

W =don’t care. There is no write-back to the memory, so Write Enable is not used.
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The W, T, S and B registers keep their respective values over the entire multiplication procedure

and are therefore shown only in the first table.

Table 5.1 AM = Bus-tie( AX and Y)

AY-Sum
( )()()() 0000
0000_0110

[xaoo[vs>

Seoen 1m0

1000_0000 | 1111_1110

Oxxxx_xxxx | xxxx_xxxx

5 Gy [ W Wi

Step 1: B and Mask, followed by bus-tie, result in AM; result is either 1111_1111 or 0000_0000
Uses: the ALU (2 operands) and the Programmable Segments Bus-Tie

Table 5.2 X = AM and X
AM (Carry) [| AX=Mask
1m1_tinl
0000_0110 | 0000_0110 | 0000_0101

oA [ x-Aoro] Vo>

Step 2: X is now either the multiplicand A (A * 1 = A) or constant-0 (A « 0 =0).

Uses: the ALU (2 operands)

Table 5.3 AM = Ripple-carry(X, AY)

AY-S

-M

uu 1111
0000_0110 mq_mt 4 0000_0101

oA < xAoro[v-es

Step 3: Generate Carry of running Sum and current term (A or 0)

Uses: the hard-wired Ripple-carry block. The two operands of the Carry block are (X or AX) and

(Y or AY).
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Table 5.4 AY = AM xor X xor AY

Step 4: Compute new partial product; ALU is executing XOR3.
Uses: the ALU (3 operands).

Table 5.5 RX = Shift-right( Y )

Step 5: Shift right the multiplier B; an unknown bit value is shifted into MSB.
Uses: the ALU (1 operand) and the Shift-right connection (Y is the hardwired destination)

Table 5.6 LX = Shift-left( M)

[<x-Awo[v-B> |

Step 6: Shift left the multiplicand A into left X register; a “0” is shifted into LSB.
Uses: the ALU (1 operand) and the Shift-left connection (X is the hardwired destination)

Table .7 M =X

0000_0110 | 0080_1108 | x000_0010

Ton Joxawo]vees

119
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Copy the shatted A trom X to M. This is the operation that might be eliminated with a difterent

left-right connectivity scheme

Table 5.8 AM = Bus-tie( AX and Y)

[V Cary) [ AXoMask_[[ AY=sum

0000_0000 | 0000_0001 | 0000_0110
0000_1100 | 0000_1100 | x000_0010

[xAwo[v>

Restart the cycle.

5.4.3 Signed Multiply

In generalizing the previous procedure to signed multiplication (in 2’s complement representa-
tion), two elements have to be accounted for:

a. sign-extension of the multiplicand over the m+n final product word length, and

b. sign-weighted final partial add: the last shifted multiplicand (corresponding to the muliti-
plier MSB) has to be negated before being added to the partial product, if the multiplier is a nega-

tive number.

The sign-extension of multiplicand replicates its MSB to fill an m+n long word. For example:
xxxx_1001 becomes 1111_1001 after sign extension (here, m=n=4). This can be accomplished
with a procedure very similar to the first step in a partial sum generation in the above algorithm:

1. Isolate the multiplicand MSB with the mask 0000_1000

2. Use segmented bus-tie to replicate the MSB

3. Mask the previous result with 1111_0000 and OR this result with the original multiplicand.

To negate the multiplicand function of the multiplier sign, the following extra steps are needed
before the final partial add:

1. Execute a XOR between the shifted multiplicand and the word that replicates the multiplier
MSB.

2. Overwrite the 1" mask in AX with the result of the same mask ANDed with the replicated
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multiplier sign. The result is 1 where subtraction 1s needed and ¢ tor addition.

3. Add the previous result to the final product.
5.4.4 Bit-parallel Multiply Execution Time

We assume n-bit word length for both operands and a sign-extended muluplicand available at the
beginning of multiply. Examining the tables presented in the tirst subsection, the time required to
complete a partial add is:

tpa =bt(2n) +tgp+rC(2n ) +tgp + lop + Lop + Lop =bU( 2N ) + rc(2n ) + S e typ
where:
bt(n) = word length dependent segmented bus-tie execution time
rc{n) = word length dependent ripple carry execution time

top = ALU execution ime

For the n by n multiply, including reading the two operands from memory and writing the resuit

back to memory (memory read and write are each done in one access time tacc):

tmpy() = N *tps + 3 tacc

By amortizing this time over the total number of operations executed in parallel, in a system with
¢ C*RAM chips with p processors =ach, we have:

IMPY.eq(N) = €P/2n * tygpy(n) =Cp/2n * (N * tpp + 3 tacc )
For example, we assume n=8, which implies that both bus-tie and ripple-carry propagate over 16
bits. Also, we assume 50 MHz system operation, which allows for memory access ume, bi(16)
and rc(16) to be performed within the 20 ns system clock cycle each. In this case:

tMpy(8) =8¢(7+20ns)+3+20ns=1,180ns

The 512 PE C*RAM can execute pon=512/16=32 multiplies in parallel, which gives an equiva-
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lent ume-
lMPYL‘q = l.lx‘)’32 = 36875 ns

Obviously, the equivalent execution time can be reduced by amortizing the multiply time over a

larger number ot C*RAM chips.
5.5 System Advantages of Bit-Parallel C*RAM

Going beyond the speed advantages of basic bit-parallel operations, there are a number of system-
level arguments that tavor bit-parallel over bit-serial computation. A system advantage of the bit-
parallel oriented C*RAM is the elimination of the transposing cache (TC. also called comer-tum-
ing cache) trom the C*RAM system. Bit-serial computation requires a transposing cache (Figure
5.21} in order to store multibit words column-wise, as opposed to row-wise, which is the natural
memory storage method. Eliminating the TC from the system reduces the overall hardware com-
plexity, and simplifies the programmer’s view of the C*RAM system. Also, it facilitates coexist-
ence of data allocated to the system processor with C*RAM data within the C*RAM address

space.

Bit-serial C*"RAM Bit-parallel C*RAM

C*RAM
Controller

Transposing
Cache

C*'RAM
Bank

Figure 8.21 Bit-parallei vs, Bit-serial C*"RAM systems
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All these advantages are enhanced when the individual C*RAM chips have a wide data interface

(relative to the system bus width), which allows a data word to be transterred in fewer cyveles. 1t

assumed that the bits of a RAM word are stored in adjacent logical columns (t.¢. adjacent PEs)

Since byte granularity is common in today’s 32-bit systems, a byte-wide data interface is the nun-

imum practical option for bit-parallel C*RAM systems. Figure 5.22 presents three alternatives ol

implementing a 32-bit wide memory subsystem with three ditterent DRAM data bus organiza-

tion: 4-bit, 8-bit and 16-bit wide. The x4 organization is the least preferred tor a PC*RAM sys-

tem, because writing a byte (the smallest word manipulated by most systems) involves two x4

DRAM chips. Since the main processor cannot address a half-byte, extra hardware 1s needed to

implement the effect of single DRAM chip write operations. The x16 organizauon is best for byte

and double-byte words. It requires two cycles for 32-bit words (two 16-bit wnites to the same

chip), but no extra hardware since the chips can be selectively enabled by the processor.

DRA RA) RA) RA RAM RA! RA RA}
4Mb 4 Mb 4Mb aMb 4 Md 4 Mb 4 Mb 4 MDD
1 Mw 1 Mw 1 Mw 1 Mw 1 Mw 1 Mw 1 Mw 1 Mw
x4 x4 7 x4 x4 x4 x4 7 x4 x4
N N O O
Better for PC*RAM [DRA! RA}
4 Mb 4 Mb
- byte addressing g, s12k
common in uP x8 =8

- no extra logic to

write multi-byte word 32
HighEnable
Best for PCCRAM LowEaabile
- 16 b Opcode on Data

- Rel'r'eh il Long Op 'Sequencz

Address Data

M()Rg:BAU

POWER/ACCESS

MORE=BAD
*

PRICE/XCHIP
MEMORY GRANULARITY
PC*RAM SUITABILITY

MORE=BAD
4
¢

Figure §.22 32-bit memory subsystem with x4, x8 and x16 DRAMs

More system flexibility is allowed starting with the 16-bit data bus. The full opcode can be now
transported on the data bus, allowing DRAM refresh (which involves the address lines) to be per-
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formed 1n parallel with extended C*RAM operation sequences. The 16-bit opcode contains the 8-
btt Truth Table Opcode and up to 256 combinations of encoded control codes.

5.6 Summary

An onginal Bit-Parallel Processing Element architecture was introduced in this chapier, based on
four circuit structures: the Programmable Segments Bus-tie network, the boundary registers
Sclect and Bypass, the Ripple-carry chain and the extended register set. The new PE has 147 tran-
sistors, being twice more complex than the Baseline PE, and was designed into the 512 PE
C512mpS512 C*RAM. While the new PE is :till a single-bit structure, the PE array can now exe-
cute bit-parallel addssubtracts, comparisons and integer multiplications. All these operations are
performed within the PE array, without involving any intermediary memory access, executing
thus faster and taking less power than their bit-serial counterparts. The operand word length is
flexible in increments of two, allowing software programmable trade-offs between the word
length and the number of operations executed in parallel by the C*RAM subsystem. The bit-par-
allel oriented C*RAM has a simpler system interface, as it does not require word transposing
hardware. It also has the potential for a simpler programmer memory model, since the same word

(address) can be processed by either the serial processor or a group of C*RAM PEs.
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Chapter 6

BATMOS C*RAM Testing

6.0 Introduction

This chapter describes the testing environment created for the two versions of C*RAM chips tab-
ricated during the project, C64plk and Cs64p512. The primary goal of this environment 15 tunc-
tional testing of the chips. A second objective, once functional parts have been identitied, 18 to
measure functional parameters, e.g. speed. As mentioned at the beginning of this work, the
C*RAM project has a long-term nature, including investigating PE architectures, C*RAM chips,
C*RAM system and eventually system software and applications. In view of a {uture C*RAM
chip design cycle, the test environment design tried to avoid hard-wiring characteristics of the
current chips. Nevertheless, elements like chip pinout have a direct impact on the test board
design, hence the portability of the test system is inherently limited.

A C*RAM chip typically consists of 90-95% memory and 5-10% processing clements. C*RAM
testing can thus be divided in a memory testing phase and PE testing phase. Memory testing has
the purpose of identifying functional memory locations by generating a failed-bit map. The typi-
cal memory testing cycle involves writing bit patterns to all memory locations and comparing the
written data against the data read. Various bit patterns and read/write orders can be applied in
order to identify circuit causes for possible failures [Prin91]. For exhaustive memory testing in an
industrial environment, a large number of read/write cycles have to be generated, hence the need

125
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for a specialized memory tester to minimize test time. In the academic lab environment, the test-
ing time of a small number of prototypes is less important, hence general types of instruments can

be used.

For C*RAM chips that communicate to the exterior only via the random port (as is the ca.e with
C64plk), tinding at least one functional memory row is a prerequisite of PE array testing. Other-
wise, completely functional PEs cannot have their results examined by an external system. An
alternative testing method is available for the Cs64p512 chip, which has a dual serial in/out port

connected to the memory array.

The C*RAM test system has to provide a high degree of flexibility. This is required by both the
complexity of memory testing and the programmable nature of the C*RAM PEs. The best solu-
tion for designing a flexible test system is to use programmable instruments and design the test

procedures into the system controller software.
6.1 Test Setup Hardware

The equipment used in building the test system consists of data (pattern) generators, logic ana-
lyzer, power supphes and an [BM compatible personal computer. The test configuration is shown
in Figure 6.1. The actual test instruments are manufactured by Hewlett-Packard and they were
available in the Department of Electronics at Carleton U. The data generators and the logic ana-
lyzer are programmable over the General Purpose Instruments Interface (GPIB), a standardized
version of the Hewlett-Packard Interface Bus (HPIB). The GPIB system controller is a general
purpose IBM AT compatible computer retrofitted with a National Instruments GPIB interface
card. This card has software interfaces for two BASIC interpreters/compilers (GWBASIC and
QBASIC) and one C compiler (Microsoft C).

A bref presentation of the data generator and logic analyzer follows:
1. The HP808 1A Data Generator: this is a fairly old instrument (dating from around 1975}, whose

main charactenistics are:

* up to 16 data channels, 1 strobe channel (usable as data) and two clock channels
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* 50 MHz operation
¢ pulse timing (delay and width tactor) programmable on the clock channels and four data chan-
nels.

* 1024 bit/channel memory

2. The HP1652B Logic Analyzer:
» 8() channels

* 10 ns sampling period

* 2048 bit/channel memory

The C*RAM chips need a fairly large number of independent signals for testing, 30 for the
C64plk, hence one 8081A Data Generator in the maximum contiguration (16+1 data channels)

was insufficient. A second 8081A is used in the test setup to contribute 12+1 more data channels,
allocated for RAM/C*RAM address generation (only one maximum configuration 16 channel
8081A was available in the department). The first data generator was selected to provide the con-
trol signals and the data input lines.

Using two data generators involves synchronization. The 8081A provides connectors tor synchro-
nization of two instruments, but the corresponding cable assembly was missing and the informa-
tion to build it proved difficuit to obtain. A temporary solution was adopted, as shown in Figure
6.1. One clock channel from one 8081A (the “master” generator) is used to clock the other
8081A. The master 8081 A uses the internal clock source while the slave 8081A gets its clock
from the external BNC connector. This configuration introduces a sizable delay between the two
sets of data, measured as 90ns. Accounting for setup times, this test configuration can be used for
C*RAM testing at clock speeds below approximately 8 MHz (i.e. 125ns intervals between
events).

During GPIB programming, both data generators receive the dats w.rds necessary to stimulate a
C*RAM cycle. The “RUN" command is then sent first to the slave generator, which starts waiting
for clock pulses on the external input. A “RUN" command is now sent to the master generator,
which outputs its data word and at the same time clocks the slave. As mentioned above, the slave
data word appears approximately 90 ns later. Between sending the two “RUN" commands, the
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software executes an idle loop, 1n order to allow the slave generator to interpret the command.

HPIB

HPIB
Interface

HPS180A
Data Generator
(16 channels)

IBM AT
Personal

HP8180A
Data Generator
(12 channels)

HP1652B
Logic Analyzer

Podl Pod2

Computer

Figure 6.1 C*RAM test setup

6.1.1 C64plk C*RAM Test Board

This is a custom built 4-layer printed circuit board that holds the C*RAM chip under test. The
electrical schematic is shown in Appendix C. The board has five 2x8 header connectors to accom-
modate inputs from data generator(s), and two 2x20 header connectors for the logic analyzer
puds, Figure 6.1. The data generator connectors are compatible with connectors from HP16520A/
16521A pattern generator/extender, a pair of cards that mount into the HP16500 logic analyzer
mainframe (available in the department). The pattern generator itself was not available at the
design date, but it would constitute a more elegant and compact testing solution than using the
two HP8O81A's.

The board includes a 74245 bidirectional transceiver to implement the byte-wide bidirectional
data bus. A second 74245 transceiver is used as a unidirectional buffer to power the C*RAM data
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outputs.
6.2 Test Software

The 1000 line test program CRAMTest was developed using the BASICA (or GWBASIC) inter-
preter. Although this is a tairly primitive environment, it was available and adequate for writing a
test program. The main disadvantage is the difficulty to modify source code since this sometimes
requires line renumbering. Under the PC Windows environment though. this disadvantage is alle-
viated since the source code can be edited in a separate text editor window, outside the BASICA
interpreter window (obviously, the source code has to be reloaded afterwards).

As a general idea, the test program is in fact a sketch of a C*RAM development system. The
important restriction is that C*RAM programs cannot be emulated by this “sketch”, it can only
execute single instructions in an interactive manner. The program offers a menu of memory and
C*RAM instructions, and executes the selected operation after the appropriate parameters have
been entered. These parameters are translated in bit configurations sent to the data generators.
Then, the data generators are activated and the C*RAM outputs are sampled by the logic analy-er,
previously programmed for the appropriate trigger condition. The data sampled by the logic ana-
lyzer is read into the GPIB controller, where the test program selects the bit configurations and
translates them into memory data.

The following operations can be executed within this environment:
1. Memory Write
2. Memory Read
3. C*RAM Gperate-Write
4. Serial Data In (for Cs64p512)
5. Serial Data Out (Cs64p512)
6. Serial register store (Cs64p512)
7. Serial register load (Cs64p512)
8. Memory range test
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6.2.1 C*RAM Testing with the CRAMTest Program

This section presents an example sequence of operations used to verify whether a C*RAM chip is
functional. All feed-back from the chip is verified via memory rcad operations. The read values
can be checked in two ways, on the logic analyzer screen, or as values returned by the program

(which in turn reads them from the logic analyzer).

a. RAM verificauon: a sequence of memory write/read operations.
Example: the following sequence is written starting with address 100h (h denotes hexadecimal):

M(100h) <= 55h ; M(101h) <= AAh ; M(102h) <= 55h : M(103h) <= AAh;
M(104h) <= 55h ; M(105h) <= AAh ; M(106h) <= 55h : M(107h) <= AAh.

The sequence is then read back, verifying the memory block and the /O Data Decoder. The data
chosen, 55h and AAh, are both alternating sequence of “0” and *‘1”” . The goal is to detect short
circuits between adjacent data lines, that could occur in the chip itself or in the test setup.

b. PE array and C*RAM support circuitry testing:

bl. The first step is to enable PE write-back to memory, by writing *“1” in all W registers. This
is done by executing a PE operation (Operate-Write) with the all-1 “1111_1111" opcode, the reg-
ister destination W, and an arbitrary row address, except 32h.

b2. A memory complement operation can be exercised now, irrespective of the undefined con-
tents of registers X and Y. First, a read operation is executed, from any location between 100h and
107h. This will bring the entire 64 bit logic row in the implicit M register (the register associated
with the memory sense amplifiers). Then, an Operate-Write is executed, with the opcode
M_COMPLEMENT=0101_0101, register destinat.on “none” and row address destination 32h
(i.c. the row starting at byte address 100h). A sequence of memory reads from address 100h to
107h should result now in the bit-complements of the bytes written at step a.: M(100h) = AAh;
M(101h) = 55h, etc.

A thorough verification of the ALU and registers was done by iterating through the eight binary

combinations of register values, and sending the power of 2 truth tables and their complements.
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For example. setting Y=0, X=1, M=1 and sending TTOP=2'=0000_1000 should result m
ALU=l, while operating on TTOP=1111_0111 should result in ALU=0.

Bus-tie testing was done by filling a 64-bit logic row with all-0 except one bit position in one of
the 8 bytes. executing M_IDENTITY and Bus-tie tollowed by memory write, and veritving the
all-1 64-bit result by reading out the eight FFh bytes.

6.2.2 Automatic Memory Testing

The test software provides the possibility of automatically testing a memory section. The option is
invoked with the “M" entry in the main menu. The start and end testing address are required as
parameters. Alternating byte values are used for successive write cycles. The two byte values can
be modified by editing one line in the test program.

6.3 Test Results

To the date of this writing, four C64plk chips have tested, focussing on the PE array. All four
arrays proved functional, with the exception of one PE in one of the chips. Arbitrary memory
locations tested during PE verification were all functional. A memory test loop was run on a 32 kb
section (half the memory on-chip), and resulted in 86 bad locations. The results are not final
because the test environment was not stable, being affected by two intermittent problems: the
GPIB command interpretation delay mentioned above (discovered subsequently), and an imper-
fect clock link, due to impedance mismatch. Also, C*RAM testing at higher clock frequencics
(above 8 MHz) is not feasible with the present setup. The availability of an HP16520A/16521A
data generator module would eliminate these problems. Use of a third programmable data genera-
tor as a clock source is being investigated.

Two serial-access Cs64p512 C*RAM chips were also tested, using a different test board. A prob-
lem was discovered with the internal RD/WRB buffer/inverter layout, resulting in the impossibil-
ity to access the memory through the random access port. The serial port was used to write/read
the memory core. The two PE arrays were functional, allowing functional verification of the Pro-
grammable Segments Bus-tie network.
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Proposed Developments and Conclusions

The Processing Element modifications discussed in Chapter 5 and implemented in the C512p512
C*RAM chip add flexible bit-parallel operation capabilities. They address thus the arithmetic
weakness of the single bit PE. Section 7.1 will discuss one feature that might be implemented in
future versions of C*RAM, especially versions based on high density SRAM/DRAM platforms

where the column decoder circuitry is available for modification.
7.1 Independent PE Addressing

One often discussed problem with most SIMD machines is the “single-address” (or single-refer-
ence) aspect that hides behind the “multiple-data” characteristic. Concretely, these multiple data
come from the same “parallel address”. In the case of current C*RAMs, this “parallel address” is
a memory row address. The problem with the singie address is that common software operations
like indirect addressing or table look-up are not directly supported by the hardware: all processors
are forced to work on data coming from the same address. Instead. the operations have to be syn-
thesized in software and their execution time depends exponentially on the size of the problem: it
takes O(2™ time to perform indirect addressing with an n-bit address [Tani91).

The NEC IMAP chip discussed in Chapter 2 is an exception to the single address problem. The
IMAP 8-bit processors can contribute an 8-bit segment to their 12-bit local memory address,

132
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hence they can independently of e¢ach other address data within a 256 word page. The disadvan-
tage is the area overhead incurred to provide local addressing. The ovethead comes tfrom the
necessity to replicate a row decoder block for each local memory. This is acceptable for the spe-
cialized IMAP chip where a 7000 transistor PE has a 32 kb local memory, but not tor C*RAM
where a 76 transistor PE has a 1-4 kb local memory and targets replacing memory at minimal
cost.

7.1.1 Proposed Solution - Dual-Mode Column Decoder

The configuration proposed here tries to find a pragmatic mid-point solution, providing limited
individual PE addressing space but without involving the overhead of extra row decoders. Obvi-

ously, the remaining option is to provide some form of PE control over the column decoder.

The SRAM-based C*RAM chips implemented in this work (Chapter 4) have a one-to-one corre-
spondence between PEs and sense amplifiers (SAs). In between the memory core and the SAs,
there is a column decoding level, selecting one bit out of four physical columns (for the particular
modularity values used in the BATMOS C*RAMs), Figure 4.2. Thus, there appears the possibility
that two registers in the PEs might control a section of the column decoder, Figure 7.1. This con-
trol would be multiplexed with the one exercised by the external address bits during standard

RAM operation. The 2-0f-4 decoding would be a minimal step compared to absence of local PE
decoding.

15 14 13 12 11 10 9 s 7 (] L] 4 - | A 1 [/
il

0 1 0 1 0 1 0 1 1 1 ] 0 0 |

1 I I | | 1 | ] | ] |
Column Decoder ‘Column Decoder Colunm Decoder Column Decoder
) - J u ® 1§ I
LOCAL || I 1
DECODE
Sense Amplifier Seuse Amplifier Senne Amplifier Sense Amplifier

PE DE ED PE PE o] ﬁn PE

Figure 7.1 Column decoder controlied by PE registers in an SRAM C*RAM
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Two vanations can be imagined for the locally controlled column decoder: single PE control and
multiple PE control. In the first version, all the registers needed to control local decoding are
within one PE. In our case, two registers are needed to decode the four physical columns. The
limitation of this alternative is in the small number of register afforded by one PE. The Baseline
PE has only two local registers, insufficient to address anything above tour columns. The
Extended PE has six data registers, which is enough to cover up to 64 columns, but some registers

might be allocated to hold local vanables during program execution.

In the second approach, the local column decoder is controlled by a set of registers belonging to a
number of PEs. This is the case represented in Figure 7.1. For .xample, the pair of Y registers in
adjacent PEs controls two adjacent sections of the local decoder. The local addressing autonomy
is restricted now to groups of two or multiple of two PEs. The advantage is the extensibility of the
approach. If, for example, there are 16 physical columns behind a sense amplifier instead of 4,
then groups of 4 Y registers will constitute the local address. There will be a logarithmic reduc-

tion in granularity, with 4 PEs b~ing the local addressing increment instead of the previous 2.

Assuming next that we discuss a DRAM-based C*RAM (see also the DRAM section in Chapter
2). we would have a much smaller column pitch, e.g. 2 um or less [Prin91]. The DRAM SA has
the same pitch as the column circuitry. At the same time, the PE itself will decrease somewhat in
size, but much less than the column pitch or SA. All these will result in a PE layout that fits in the
pitch of a number of columns, for example 8, 16 or 32, as opposed to the one-to-one correspon-
dence achievable in SRAM C*RAM. The DRAM C*RAM hence imposes modifications of the
column decoder from the beginning, in order to match the single bit PE interface to the 8/16/32
lines coming trom the SAa within one PE pitch. Local column decoding can be thus designed in
together with the C*RAM adapted column decoder.

7.2 Future C*RAM Work

The following is a sketch of possible future stages of the C*RAM project.
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7.2.1 Processing Element and C*RAM Architecture

* Investigate faster bit-parallel PE architectures: the current Extended PE propagates the carry tos
every partial product in a bit-parallel multiplications procedure. A faster solution could be per-
forming the intermediary additions in carry-save format and propagating the carry only atier the
last addition. The speed advantage is bigger for longer words, because the longer nipple-carry
cycles are eliminated. A seventh register with access to the ALU would be needed to hold the sec-
ond bit of the carry-save digit. Modifications might also be required in the loval communicauon
scheme, to account for the carry-save carry single-position shift, and in the register-ALU contigu-
ration, to make the new register contents available to the ALU.

» Investigate floating point operation support. Floating point (FP) add appears 1o be more difticult
than FP multiply, because different operands have to be shifted by ditferent amounts in prepara-
tion for addition. contravening thus to the single-instruction model. The PE could be extended to

provide a means to inhibit shift operations when a certain local condition is met.

* Explere associative RAM access. The PE information could be used to specify the data read

from memory, as an alternative to (or in combination with) conventional RAM addressing.

* C*RAM program stored within the chip itself. The C*RAM operation code is currently mulu-
plexed on the external data bus (in the optimal case). It could be sourced by the internal data bus,
as a result of one or more memory reads from a program area. Short, continuous program loops
could be thus executed without the intervention of the C*RAM controller. Morcover, multiple
C*RAM chips could execute independent programs, combining into a MIMD of SIMDs. As a
note, the 512 PE C512mp512 chip has come close to providing this capability, the required mulu-
plexing stage being designed in, but not the timing.

7.2.2 C*RAM System Hardware

* Build a C*RAM system using the BATMOS C*RAM:s. Its probable form will be a personal
computer add-on card, with eight C64plk chips. A PC bus will have to be selected. A conserva-
tive choice is suggested for the initial work, very likely the popular but dated 16-bit/8.33 MHz
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ISA bus. Next step should be a performance card using a vanation of the 32-biv/33 MHz PCI

(Penpheral Component Interconnect) bus. a standard with confirmed growing populanty.

* As part ot the previous: design the C*RAM controller. Suggested implementation 1s a high-den-
sty Field Programmable Gate Array (FPGA. ¢.g. the XILINX 4000 senes). Stages ot the design
would include wnung and simulating a VHDL model of the controller. The first design iteration
should he capable of reading C*RAM instuctions from a program memory and send them to the
C*RAM bank with the appropriate uming. This controller should also be able to branch the pro-
gram according the wired-OR result read from the C*RAM bank. In a second iteration, the con-
troller should provide a high-sp~ed link between an /O port (for example, a video port) and the
C*RAM bank.

* In parallel, or as a separate project, the Processor-in-Memory (PIM) chips to be produced by

National Semiconductor for Cray Computer (section 2.2.2) and the NEC IMAP (section 2.2.3)
chips should be explored, depending on their availability. As discussed in Chapter 2, the PIM
device is closer to the C*RAM concept as a general-purpose SIMD building block, but oriented
towards tewer PEs per chip with larger local memories. The IMAP chip is more specialized, tar-
geting real-time image procassing and adopting a 50% PE - 50% memory balance. A study should

be conducted in order to determine the category of applications best suited for each approach.

7.2.3 C*RAM Software

* First stage is to write the system development software, including a microassembler {pure
C*RAM instructions, i.e. TTOP+COP), an assembler - C*RAM plus controller instructions, and
eventually a high level language compiler. This work has been started at Carleton University by
Arthur Castonguay. As a result of the growing worldwide interest in the data-parallel program-
ming model, a standardization e®ort is in progress to define an appropriate high level language,
called Data Parallel C Extensions (DPCE). Hence, the C*RAM software work stands a good
chance to converge with a stable high-level language standard.

* In parallel with the assembler development, a C*RAM software emulator should be made avail-
able in order to allow applications work to evolve in the absence of hardware. The emulator
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should provide a complete visualization of the PE array and memory. A visual feed-back of mem-
ory data layout 1s important because of the interacuon between computation and physical data

locauon.

7.3 Conclusions

The work presented in this document advances the Computational RAM project in two directions.

First, a 64 Processing Element, 64 kb Computational RAM (named Cé64plk) has been designed
and implemented in a 0.8 um BiCMOS technology (BATMOS). Benetitting from the availability
of an industrial grade memory module designed at Bell-Northern Research, this work has
focussed on the circuit and physical design of the Processing Element amray (Chapter 3). The
result was a very dense array, occupying less than 3% of the memory area, and capable of func-
tioning at speeds of 75 MHz (as shown by simulations). A number of C64plk chips were tested
and proven functional (Chapter 6). The availability of these {functional C*RAM chips opens up
the possibility of building a C*RAM subsystem, integrating it within a workstation or personal

computer and demonstrating support software and applications.

Secondly, by analyzing recognized weaknesses in the pure bit-serial approach on which the Base-
line PE relies, this work introduces the bit-parallel oriented C*RAM (Chapter 5). The extensions
brought to the BPE make the PE array capable of performing bit-parallel integer multiplication
without intermediate memory access, resulting in fast and low-power operation. This original
Extended PE is two times bigger than the Baseline PE and is claimed to be the minimal hardware
structure that can support bit-parallel multiply in SIMD manner with flexible word length. The
new PE structure was designed into a 512 PE BATMOS C*RAM (C512mp512), currently in tab-
rication, the first SIMD-memory integrated hybrid to provide both bit-serial and bit-parallel com-
putation with a minimum of hardware added to the memory.

The name Parallel Computational RAM (PC*RAM) is proposed for this class of dual-mode, but-
serial and bit-parallel SIMD-memory hybrid, as the author expects it to become a general-purpose
storage-computing devices category.
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Cé64plk C*RAM Schematics
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Top Level

PE Array and Bus-tie Support

PE Array Connections (two PEs)

Lett PE

Right PE

TTOP Register and Drivers

COP Register and Drivers

I/0 Data Buffers and D<O>/BTOUT Multiplexing
ALUPRE Mux & Driver / Data Out Enable / Control Drivers
Timing / Memory Clock Driver

Data Bus Pads (top right pads)

Control / I0S / MCK Pads (bottom right pads)
Address Bus Pads (top left pads)

Timing Pads (bottom left pads)
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C64p1k Test Board
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