
Lecture 9, Memory CS250, UC Berkeley, Fall 2012

CS250 VLSI Systems Design

Lecture 9: Memory

John Wawrzynek, Jonathan Bachrach,
with

Krste Asanovic, John Lazzaro
and

Rimas Avizienis (TA)

UC Berkeley
Fall 2012



CS250, UC Berkeley, Fall 2012Lecture 9, Memory

CMOS Bistable

Cross-coupled inverters used to hold state in CMOS

“Static” storage in powered cell, no refresh needed
If a storage node leaks or is pushed slightly away from correct 
value, non-linear transfer function of high-gain inverter 
removes noise and recirculates correct value

To write new state, have to force nodes to opposite state
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CMOS Transparent Latch
Latch transparent (output follows input) when clock is 
high, holds last value when clock is low
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Latch Operation
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Flip-Flop as Two Latches
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Small Memories from Stdcell Latches

Add additional ports by replicating 
read and write port logic (multiple 
write ports need mux in front of latch)

Expensive to add many ports

6

W
ri

te
 A

dd
re

ss
 D

ec
od

er

R
ea

d 
A

dd
re

ss
 D

ec
od

er

Clk
Write Address Write Data Read Address

Clk

Combinational logic for 
read port (synthesized)

Optional read output latch

Data held in 
transparent-low 

latches

Write by 
clocking latch



CS250, UC Berkeley, Fall 2012Lecture 9, Memory

6-Transistor SRAM (Static RAM)
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Large on-chip memories built from arrays of static RAM 
bitcells, where each bit cell holds a bistable (cross-
coupled inverters) and two access transistors.

Other clocking and access logic factored out into 
periphery

Bit Bit

Wordline
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Intel’s 22nm SRAM cell
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Sept%2009

22%nm%SRAM%Test%Chip

0.092%um2 is%the%smallest%SRAM%cell%
in%working%circuits%reported%to%date

0.092 um2 SRAM cell 
for high density applications

0.108 um2 SRAM cell 
for low voltage applications

[Bohr, Intel, Sept 2009]
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General SRAM Structure
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Address Decoder Structure
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Read Cycle
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Write Cycle
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like a read to the cell).
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Column-Muxing at Sense Amps
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Building Larger Memories
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Large arrays constructed by 
tiling multiple leaf arrays, sharing 
decoders and I/O circuitry

e.g., sense amp attached to 
arrays above and below

Leaf array limited in size to 
128-256 bits in row/column due 
to RC delay of wordlines and 
bitlines

Also to reduce power by only 
activating selected sub-bank

In larger memories, delay and 
energy dominated by I/O wiring
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Adding More Ports
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Memory Compilers
In ASIC flow, memory compilers used to generate layout 
for SRAM blocks in design

Often hundreds of memory instances in a modern SoC
Memory generators can also produce built-in self-test (BIST) 
logic, to speed manufacturing testing, and redundant rows/
columns to improve yield

Compiler can be parameterized by number of words, 
number of bits per word, desired aspect ratio, number of 
sub banks, degree of column muxing, etc.

Area, delay, and energy consumption complex function of 
design parameters and generation algorithm
Worth experimenting with design space

Usually only single read or write port SRAM and one 
read and one write SRAM generators in ASIC library

16



CS250, UC Berkeley, Fall 2012Lecture 9, Memory

Small Memories

17

Compiled SRAM arrays usually have a high overhead due 
to peripheral circuits, BIST, redundancy. 

Small memories are usually built from latches and/or flip-
flops in a stdcell flow

Cross-over point is usually around 1K bits of storage
Should try design both ways
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Memory Design 
Patterns

18
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Multiport Memory Design Patterns
Often we require multiple access ports to a common 
memory

True Multiport Memory
As describe earlier in lecture, completely independent read 
and write port circuitry

Banked Multiport Memory
Interleave lesser-ported banks to provide higher bandwidth

Stream-Buffered Multiport Memory
Use single wider access port to provide multiple narrower 
streaming ports

Cached Multiport Memory
Use large single-port main memory, but add cache to service 

19
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True Multiport Memory

Problem: Require simultaneous read and write access by multiple 
independent agents to a shared common memory.

Solution: Provide separate read and write ports to each bit cell for each 
requester

Applicability: Where unpredictable access latency to the shared 
memory cannot be tolerated.

Consequences: High area, energy,  and delay cost for large number of  
ports.  Must define behavior when multiple writes on same cycle to same 
word (e.g., prohibit, provide priority, or combine writes).

20
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True Multiport Example: Itanium-2 Regfile
Intel Itanium-2 [Fetzer et al, IEEE JSSCC 2002]
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Fig. 2. Register file circuit and timing diagram.

Fig. 3. Double-pumped pulse clock generator circuit and timing diagram.

stages of logic. To prevent pulse degradation, a pulsewidth-con-
trol feedback delay is inserted between the decoder and the word
line. The word line muxing, internal to the register, captures
pulses during the write phase of the system clock and holds the
write signal at high value until the end of the phase, giving the
write mechanism more than a pulse width to write data into the
register. Since writes are single ended through a nFET pass gate,
one leg of the cell is floated using a virtual ground, which im-
proves timing and cell writeability. This technique is demon-
strated in silicon to work at 1 V.

B. Operand Bypass Datapath
The integer datapath bypassing is divided into four stages, to

afford more timing critical inputs the least possible logic delay
to the consuming ALUs. Critical L1 cache return data must flow
through only one level of muxing before arriving at the ALU in-
puts, while DET and WRB data, available from staging latches,
have the longest logic path to the ALUs. This allows the by-
passing of operands from 34 possible results to occur in a half
clock cycle, enabling a single-cycle cache access and instruc-
tion execution.
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Itanium-2 Regfile Timing
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A Fully Bypassed Six-Issue Integer Datapath and
Register File on the Itanium-2 Microprocessor

Eric S. Fetzer, Mark Gibson, Anthony Klein, Naomi Calick, Chengyu Zhu, Eric Busta, and Baker Mohammad

Abstract—The six-issue integer datapath of the second-genera-
tion ItaniumMicroprocessor is described. Pulse techniques enable
a high-speed, 20-ported, 128-entry, 65-bit register file with only
12 wordlines per register. A four-stage operand bypass network
achieves a fully bypassed design with operands sourced from 34 lo-
cations with 16 destinations. To control this network, over 280 by-
pass comparators are utilized. Using half a clock for execution and
half a clock for bypass, each result is available for the next instruc-
tion. Functional units are pre-enabled, reducing power consump-
tion by 15% while eliminating a stage of result muxing and im-
proving performance. The part is fabricated in a six-layer, 18- m
process and operates at 1.0 GHz at 1.5 V, consuming less than 130
W in about 420 mm .

Index Terms—Digital integrated circuits, integrated circuit de-
sign, integrated circuit noise, microprocessors, registers.

I. INTRODUCTION

THE Itanium-2 microprocessor, the second implementa-
tion of the Itanium architecture, features an explicitly

parallel architecture. This architecture lends itself to a highly
superscalar implementation. Highly superscalar designs require
larger register files (RFs) to feed multiple execution units
and complex bypass networks to keep data freely moving
through the system. The Itanium-2 microprocessor incorporates
a six-issue integer datapath (IEU) with a 20-ported, 128-entry,
65-bit-wide RFs. To prevent data hazards, integer operands
are fully bypassed through four stages of bypass multiplexing
with each of the 12 integer operands and four data cache
addresses sourced from 34 possible results (RF, instruction
field, two L1 data caches, six arithmetic and logic (ALU) EXE
stages (Fig. 1), eight DET stages, eight WRB-stage integers,
six WRB-stage multimedia, and various architected registers).
All IEU operations require a half cycle for execution and a
half cycle for bypass, allowing each ALU result to be used in
the next cycle as a source for ALU or data cache addresses.
In this paper, we detail circuit and analysis techniques used to
complete this high-performance design.

Manuscript received March 15, 2002; revised June 10, 2002.
E. S. Fetzer, M. Gibson, A. Klein, and E. Busta are with Hewlett-Packard

Company, Fort Collins, CO 80528-9599 USA (e-mail: eric.fetzer@hp.com;
mark.gibson@hp.com; anthony.klein@hp.com; eric.busta@hp.com).
N. Calick and C. Zhu are with Intel Corporation, Fort Collins, CO 80525USA

(e-mail: naomi.b.calick@intel.com; chengyu.zhu@intel.com).
B. Mohammad is with Intel Corporation, Chandler, AZ 85226 USA (e-mail:

baker.mohammad@intel.com).
Digital Object Identifier 10.1109/JSSC.2002.803948

Fig. 1. IEU state and timing diagram.

II. DATAPATH

A. RF
The 20-ported RF is 2.2 mm and incorporates 12 read and

eight write ports. To accomplish all required bypassing, RF
reads occur simultaneously with the first two stages of bypass
and ALU execution (Fig. 1). As the RF read is dumped onto
the read data bit line, the RF word line decoder is sent the
address for the write. During the read, the write data is also
bypassed along the write bit lines reusing these bit lines for
a bypass from the six-issue multimedia unit to the integer
datapath. Single-ended read performance is maintained with a
two-level bit line structure saving wires and reducing delay (by
removing self-timed path margin) relative to sense-amp designs
of the past [1], [2]. Registers are banked in arrays of 16 with bit
lines in the second metal layer. The bit lines are then repeated
and promoted to the fourth metal layer to drive the outputs
to the middle bypass mux in the integer and multimedia units
(MMU).
In a standard register file, 20 ports would require 20 word

lines per register. Such a design would have exceeded area and
timing constraints. Double pumping the word lines achieves
same cycle reads and writes with a single wire. Each register
has only 12 word lines and a shared control wire (WRITEH).
WRITEH determines the read/write directionality of the word
line with selection internal to each register (Fig. 2). The word
line decoder decodes read and write register addresses. To do
this the decoder is clocked with a pulse on the rising and falling
edge of the clock. The register address is statically decoded with
the results of the high- and low-order bits being strobed by the
double pumped pulse clock (PCK2X) generated by the circuit
shown in Fig. 3. Pulses do not propagate well through many

0018-9200/02$17.00 © 2002 IEEE
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Banked Multiport Memory

Problem: Require simultaneous read and write access by multiple 
independent agents to a large shared common memory.

Solution: Divide memory capacity into smaller banks, each of which has 
fewer ports.  Requests are distributed across banks using a fixed hashing 
scheme.  Multiple requesters arbitrate for access to same bank/port.

Applicability: Requesters can tolerate variable latency for accesses.  
Accesses are distributed across address space so as to avoid “hotspots”.

Consequences: Requesters must wait arbitration delay to determine if 
request will complete. Have to provide interconnect between each 
requester and each bank/port. Can have greater, equal, or lesser number of 
banks*ports/bank compared to total number of external access ports.

23
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Banked Multiport Memory

Bank 0 Bank 1 Bank 2 Bank 3
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Banked Multiport Memory Example
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Despite these potential advantages of a unified cache, all 
of which apply to the i486 CPU, the Pentium microprocessor 
uses separate code and data caches. The reason is that the 
superscalar design and branch prediction demand more band- 
width than a unified cache similar to that of the i486 CPU can 
provide. First, efficient branch prediction requires that the 
destination of a branch be accessed simultaneously with data 
references of previous instructions executing in the pipeline. 
Second, the parallel execution of data memory references 
requires simultaneous accesses for loads and stores. Third, in 
the context of the overall Pentium microprocessor design, 
handling self-modifying code for separate code and data 
caches is only marginally more complex than for a unified 
cache. 

The instruction cache and data cache are each 8-Kbyte, 
two-way associative designs with 32-byte lines. 

Programs executing on the i486 CPU typically generate 
more data memory references than when executing on RISC 
microprocessors. Measurements on Integer SPEC benchmarks 
show 0.5 to 0.6 data references per instruction for the i486 
CPU4 and only 0.17 to 0.33 for the Mips processor.j This 
difference results directly from the limited number (eight) of 
registers for the X86 architecture, as well as procedure-calling 
conventions that require passing all parameters in memory. 
A small data cache is adequate to capture the locality of the 
additional references. (After all, the additional references have 
sufficient locality to fit in the register file of the RISC micro- 
processors.) The Pentium microprocessor implements a data 
cache that supports dual accesses by the U pipe and V pipe 
to provide additional bandwidth and simplify compiler in- 
struction scheduling algorithms. 

Figure 7 shows that the address path to the translation 
look-aside buffer and data cache tags is a fully dual-ported 
structure. The data path, however, is single ported with eight- 
way interleaving of 32-bit-wide banks. When a bank conflict 
occurs, the U pipe assumes priority, and the V pipe stalls for 
a clock cycle. The bank conflict logic also serves to eliminate 
data dependencies between parallel memory references to a 
single location. For memory references to double-precision 
floating-point data, the CPU accesses consecutive banks in 
parallel, forming a single 64-bit path. 

The design team considered a fully dual-ported structure 
for the data cache, but feasibility studies and performance 
simulations showed the interleaved structure to be more ef- 
fective. The dual-ported structure eliminated bank conflicts, 
but the SRAM cell would have been larger than the cell used 
in the interleaved scheme, resulting in a smaller cache and 
lower hit ratio for the allocated area. Additionally, the han- 
dling of data dependencies would have been more complex. 

With a write-through cache-consistency protocol and 32- 
bit data bus, the i486DX2 CPU uses buses 80 percent of the 
time; 85 percent of all bus cycles are writes. (The i486DX2 
CPU has a core pipeline that operates at twice the bus clock's 
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TLB 

Bank 
conflict 

detection 7 7 

I I I 

Dual-ported 
cache tags 

Figure 7. Dual-access data cache. 

Singe-ported and 
interleaved 

b cache data 

frequency.) For the Pentium microprocessor, with its higher 
performance core pipelines and 64-bit data bus, using a write- 
back protocol for cache consistency was an obvious enhance- 
ment. The write-back protocol uses four states: modified, 
exclusive, shared, and invalid (MESI). 

Self-modifying code. One challenging aspect of the 
Pentium microprocessor's design was supporting self-modi- 
fying code compatibly. Compatibility requires that when an 
instruction is modified followed by execution of a taken branch 
instruction, subsequent executions of the modified instruc- 
tion must use the updated value. This is a special form of 
dependency between data stores and instruction fetches. 

The interaction between branch predictions and self-modi- 
fying code requires the most attention. The Pentium CPU 
fetches the target of a taken branch before previous instruc- 
tions have completed stores, so dedicated logic checks for 
such conditions in the pipeline and flushes incorrectly fetched 
instructions when necessary. The CPU thoroughly verifies 
predicted branches to handle cases in which an instruction 
entered in the branch target buffer might be modified. The 
same mechanisms used for consistency with external memory 
maintain consistency between the code cache and data cache. 

Floating-point pipeline 
The i486 CPU integrated the floating-point unit (FPU) on 

chip, thus eliminating overhead of the communication proto- 
col that resulted from using a coprocessor. Bringing the FPU 
on chip substantially boosted performance in the i486 CPU. 
Nevertheless, due to limited devices available for the FPU, its 
microarchitecture was based on a partial multiplier array and 
a shift-and-add data path controlled by microcode. Floating- 
point operations could not be pipelined with any other 
floating-point operations; that is, once a floating-point in- 
struction is invoked, all other floating-point instructions stall 
until its completion. 

The larger transistor budget available for the Pentium mi- 
croprocessor permits a completely new approach in the de- 
sign of the floating-point microarchitecture. The aggressive 

June 1993 15 

Pentium (P5) 8-way interleaved data cache, with two ports

[Alpert et al, IEEE Micro, May 1993]
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Stream-Buffered Multiport Memory
Problem: Require simultaneous read and write access by multiple 
independent agents to a large shared common memory, where each 
requester usually makes multiple sequential accesses.

Solution: Organize memory to have a single wide port. Provide each 
requester with an internal stream buffer that holds width of data returned/
consumed by each memory access. Each requester can access own stream 
buffer without contention, but arbitrates with others to read/write stream 
buffer from memory.

Applicability: Requesters make mostly sequential requests and can 
tolerate variable latency for accesses.

Consequences: Requesters must wait arbitration delay to determine if 
request will complete. Have to provide stream buffers for each requester. 
Need sufficient access width to serve aggregate bandwidth demands of all 
requesters, but wide data access can be wasted if not all used by requester. 
Have to specify memory consistency model between ports (e.g., provide 
stream flush operations).
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Stream-Buffered Multiport Memory
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Stream-Buffered Multiport Examples
IBM Cell microprocessor local store
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The SPUs SIMD support can perform operations on sixteen 8-bit integers, eight 16-bit integers, four 32-bit
integers, or four single-precision floating-point numbers per cycle. At 3.2GHz, each SPU is capable of performing
up to 51.2 billion 8-bit integer operations or 25.6GFLOPs in single precision. Figure 3 shows the main functional
units in an SPU: (1) an SPU floating point unit for single-precision, double-precision, and integer multiplies; (2)
an even SPU fixed-point unit for arithmetic, logical operations, and word shifts; (3) an odd SPU fixed-point unit
for permutes, shuffles, and quadword rotates; (4) an SPU control unit for instruction sequencing and branch
execution; (5) an SPU local store unit for load and stores; also to supply instructions to the control unit; (6) an
SPU channel/DMA transport which is responsible for controlling input and output through the MFC.

As Figure 3 shows, each functional unit is assigned to one of the two execution pipelines. The floating point and
fixed point units are on the even pipeline while the rest of the functional units are on the odd pipeline. The SPU
can issue and complete up to two instructions per cycle, one on each of the execution pipelines. A dual issue
occurs when a group of fetched instructions has two issueable instructions, one of which is executed by a unit on
the even pipeline and the other executed by a unit on the odd pipeline.

There are three types of instruction fetches: flush-initiated fetches, inline prefetches, and hint fetches. To fetch
instructions, the instruction fetch logic reads 32 instructions at a time into its instruction line buffer (ILB), from
which two instructions at a time are sent to the issue logic. When the operands are ready, the issue logic sends the
instructions to the functional units for execution. Functional unit pipelines vary from two to seven cycles. Hint
instructions can preload instructions into the ILB.

Features such as a deterministic LS access time, simple issue rules, software-inserted branch hints, a large register
file, and so on, are exposed to the compiler and applications for performance tuning. With some tuning efforts, we
have seen a wide variety of applications approach the theoretical IPC of 2 in the SPU. The SPEs have DMA
support for excellent data streaming bandwidth that is much higher than many modern processors.

The Element Interconnect Bus

The Element Interconnect Bus (EIB) in the Cell BE allows for communication among the PPE, the SPEs, the off-
chip memory, and the external I/O (see Figure 4). The EIB consists of one address bus and four 16B-wide data
rings, two of which run clockwise and the other two counter-clockwise. Each ring can potentially allow up to three
concurrent data transfers as long as their paths do not overlap. The EIB operates at half the speed of the
processor.

Each requestor on the EIB starts with a small number of initial command credits to send out requests on the bus.
The number of credits is the size of the command buffer inside the EIB for that particular requestor. One

[Chen et al., IBM, 2005]
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Cached Multiport Memory

Problem: Require simultaneous read and write access by multiple 
independent agents to a large shared common memory.

Solution: Provide each access port with a local cache of recently touched 
addresses from common memory, and use a cache coherence protocol to 
keep the cache contents in sync.

Applicability: Request streams have significant temporal locality, and 
limited communication between different ports.

Consequences: Requesters will experience variable delay depending on 
access pattern and operation of cache coherence protocol.  Tag overhead in 
both area, delay, and energy/access. Complexity of cache coherence 
protocol.
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Cached Multiport Memory

Cache A

30
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Replicated-State Multiport Memory

Problem: Require simultaneous read and write access by multiple 
independent agents to a small shared common memory. Cannot tolerate 
variable latency of access.

Solution: Replicate storage and divide read ports among replicas.  Each 
replica has enough write ports to keep all replicas in sync.

Applicability: Many read ports required, and variable latency cannot be 
tolerated.

Consequences: Potential increase in latency between some writers and 
some readers.

31
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Replicated-State Multiport Memory
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Copy 0 Copy 1

Write Port 0 Write Port 1

Read Ports
Example: Alpha 21264  

Regfile clusters
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Memory Hierarchy Design Patterns
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Use small fast memory together large slow memory to 
provide illusion of large fast memory.

Explicitly managed local stores

Automatically managed cache hierarchies


