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SRAM Technology

● Static RAM (SRAM)

○ 6 or 8 transistors per bit

○ Two inverters (4 transistors) + transistors for reading/writing

○ Optimized for speed (first) and density (second)

○ Fast (sub-nanosecond latencies for small SRAM)

■ Speed roughly proportional to its area (~sqrt(number of bits))

○ Mixes well with standard processor logic
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DRAM Technology

● Dynamic RAM (DRAM)

○ Data stored as a charge in a capacitor

○ 1 transistor + 1 capacitor per bit

○ Single transistor used to access the charge

○ Optimized for density (in terms of cost per bit)

○ Must periodically be refreshed
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DRAM Internal Structure
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Advanced DRAM Organization

● Bits in a DRAM are organized as a rectangular array

○ DRAM accesses an entire row

○ Burst mode: supply successive words from a row with reduced 

latency

○ Double data rate (DDR DRAM)

■ Transfer on rising and falling clock edges

○ Quad data rate (QDR) DRAM

■ Separate DDR inputs and outputs
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Flash Memory

● NOR flash: bit cell like a NOR gate

○ Random read/write access

○ Used for instruction memory in embedded systems

● NAND flash: bit cell like a NAND gate

○ Denser (bit/area), but block-at-a-time access

○ Used for USB keys, media storage …

● Flash bits wears out after 100’s of accesses

○ Not suitable for direct RAM or disk replacement

○ Wear leveling: remap data to less used block
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Memory Technology

● Static RAM (SRAM)
○ 0.5ns – 2.5ns, $500 - $1000 per GB

● Dynamic RAM (DRAM)
○ 50 ns – 70ns, $3 - $5 per GB

● Magnetic disk
○ 5ms – 20ms, $0.01 - $0.02 per GB

● Ideal memory
○ Access time of SRAM

○ Capacity and cost/GB of disk
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Cache Memory

● Cache memory

○ The level of the memory hierarchy closest to 

the CPU

○ Given accesses X1, …, Xn-1, Xn

■ How do we know if the data is presented?

■ Where do we look?

● Cache contains copies of data in memory being used

● Memory contains copies of data on disk being used
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Cache Memory

● Cache: hardware managed
○ Hardware automatically retrieves missing

data

○ Built from fast SRAM, usually on-chip today

○ In contrast to off-chip, DRAM “main 

memory”

● Cache organization
○ Speed vs. Capacity

○ Miss classification
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Principle of Locality

● Programs access a small proportion of their address 

space at any time

● Temporal locality

○ Items accessed recently are likely to be accessed again soon

○ E.g. instructions in a loop, induction variables

● Spatial locality

○ Items near those accessed recently are likely to be accessed 

soon

○ E.g. sequential instruction access, array data
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Taking Advantage of Locality

● Memory hierarchy

● Copy recently accessed (and nearby) items from disk 

to small DRAM memory

○ Main memory

● Copy more recently accessed (and nearby) items from 

DRAM to small SRAM memory

○ Cache memory attached to CPU
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Exploiting Locality: Memory Hierarchy
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Concrete Memory Hierarchy
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Evolution of Cache Hierarchies
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Cache Basics
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● Main memory logically divided into fixed-size chucks (blocks)

● Cache can house only a limited number of blocks

○ Each block address maps to a potential location in the cache

○ Determined by the index bits in the address

○ Used to index into the tag and data stores

● Cache access

○ 1) index into the tag and data stores with index bits in address

○ 2) check valid bit in tag store

○ 3) compare tag bits in address with the stored tag in tag store

○ If the stored tag is valid and matches the tag of the block

○ The block is in the cache (cache hit)



Cache Basics
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● A direct-mapped cache with eight entries

○ Eight-words in the cache

○ An address X maps to

direct-mapped cache

word X modulo 8

○ The low-order 3 bits are

used as the cache index



Tags and Valid Bits
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● How to know which particular block is stored in a cache location

○ Store block address as well as the data

○ Actually, only need the high-order bits

○ Call the tag

The initial state of the cache after 

power-on (eight-block cache)
The word address (10110two) is 

brought into cache block 110 

(10110two mod 8)



Tags and Valid Bits
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● What if there is no data in a cache location

○ Valid bit: 1 = present, 0 = not present

○ Initially 0

The initial state of the cache after 

power-on (eight-block cache)
The word address (10110two) is 

brought into cache block 110 

(10110two mod 8)



Cache Basics 

● Each block address maps to a potential location in the cache, 
determined by the index bits in the address

● Index
○ Specifies the cache index (which “row”/block of the cache we should 

look in)

● Offset
○ Once we’ve found correct block, specifies which byte within the block 

we want

● Tag
○ The remaining bits after offset and index are determined
○ These are used to distinguish between all the memory address that 

map to the same location
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Cache Basics
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● Block (line): Unit of storage in the cache
○ Memory is logically divided into blocks that map to potential locations 

in the cache

● When reading memory, 3 things can happen
○ Cache HIT:

■ Cache block is valid and contains proper address, so read desired 
word

○ Cache MISS: 
■ Nothing in cache in appropriate block, so fetch from memory

○ Cache miss, block replacement
■ Wrong data is in cache at appropriate block, so discard it and fetch 

desired data from memory



Cache Example
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● 8-blocks, 1 word/block, direct mapped

● Initial state



Cache Example
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Cache Example
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Cache Example
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Cache Example
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Cache Example
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Block 

replacement: 

Replace data

stored in 010

cache location



Address Subdivision
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● The cache holds 1024 words (4KiB)

○ 10 bits are used to index

the cache

○ 32-10-2 = 20 bits to be

compared against the tag



Cache Basics  
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Cache Basics
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● Cache associativity

○ In direct-mapped cache, there is only one cache block where

memory block 12 can be found. (12 modulo 8) = 4

○ In two-way set-associative cache, memory block 12 must be in set 

(12 mod 4) = 0

○ In fully-associative,

the block 12 can

appear in any of 8

cache blocks



Logical Cache Organization
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1K 

blocks



Looking Up A Block
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Is this the block you’re looking for?
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Is this the block you’re looking for?
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Handling a Cache Miss
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● What if requested data isn't in the cache?

● Cache controller: Finite State Machine (FSM)

○ Remembers miss address

○ Access next level of memory

○ Waits for response

○ Writes data/tag in proper locations

● Cache fill: Bring a missing block into the cache



Cache Controller FSM
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Cache Misses and Pipeline Stalls
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Cache Misses
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● Types of Misses

○ Compulsory: First time data is accessed

○ Capacity: cache too small to hold all data of interest

○ Conflict: data of interest maps to same location in cache

○ Miss penalty: time it takes to retrieve a block from lower level of 

hierarchy



Cache Performance Equation
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Cache Performance Equation
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● Cache hit rate = (# hits) / (# hits + # misses) = (# hits) / (# accesses)

● Average memory access time (AMAT)

○ = (hit-rate * hit-latency) + (miss-rate * miss-latency)



CPI Calculation with Cache Misses
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Multi-Word Cache Blocks
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● In most modern cache implementation 

○ We store more than one address (>1 byte) in each cache block

● The number of bytes or words in each cache block 

○ The block size

● The entries in each block 

○ Come from a contiguous set of addresses

○ Exploit locality of reference, and to simplify indexing



Cache Examples
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4-bit Address, 8B Cache, 2B Blocks
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4-bit Address, 8B Cache, 2B Blocks
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4-bit Address, 8B Cache, 2B Blocks
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Capacity and Performance
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Block Size
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Block Size and Tag Overhead
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4-bit Address, 8B Cache, 4B Blocks
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4-bit Address, 8B Cache, 4B Blocks
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Effect of Block Size on Miss Rate
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Block Size and Miss Penalty
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Cache Conflicts
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Direct-Mapped Cache  

● Directed-mapped cache

○ A given main memory block can be placed in only one possible 

location in the cache
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Direct-Mapped Cache 

● In a directed-mapped cache

○ Multiple memory addresses map to the same cache index, how do 

we tell which one is in there?

○ What if we have a block size > 1 byte?

○ Ans: divide memory address into three fields
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Direct-Mapped Cache  

● A byte-addressable main memory

○ 256 bytes, 8-byte blocks -> 32 blocks in memory

○ Assume cache: 64 bytes, 8 blocks

○ Directed-mapped: A block can go to only one 

location
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Blocks with same 

index contend for 

the same cache 

location => cause 

conflict misses 

when accessed 

consecutively



Direct-Mapped Cache  

● Direct-mapped cache

○ Two blocks in memory that map to the same index in the cache 

cannot be present in the cache at the same time

○ One index -> one entry

○ Can lead to 0% hit rate if more than one block accessed in an 

interleaved manner map to the same index

■ Assume addresses A and B have the same index bits but 

different tag bits

■ A, B, A, B, A, B, A, B … -> conflict in the cache index

■ All accesses are conflict misses
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Direct-Mapped Cache Example

● Suppose we have a 8B of data in a direct-mapped cache 

with 2 byte blocks

● Determine the size of the tag, index, and offset fields if we 

are using a 32-bit architecture

○ Offset

■ Need to specify correct byte within a block

■ Block contains 2 bytes = 21 bytes

■ Need 1 bit to specify correct byte
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Direct-Mapped Cache Example

● Suppose we have a 8B of data in a direct-mapped cache 

with 2 byte blocks

○ Index (index into an “array of blocks”)

■ Need to specify correct block in cache

■ # blocks/cache = bytes/cache

bytes/block

=      23 bytes/cache

21 bytes/block

=    22 blocks/cache

■ Need 2 bits to specify this many blocks
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Direct-Mapped Cache Example

● Suppose we have a 8B of data in a direct-mapped cache 

with 2 byte blocks

○ Tag: use remaining bits as tag

○ Tag length = address length – offset – index

= 32 – 1 – 2 bits

= 29 bits 
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The tag is leftmost 29 bits of 

memory address



Read Data in Direct-Mapped Cache

● Ex. 16 KB of data, direct-mapped, 

4 word block

● Read 4 addresses

○ 0x00000014

○ 0x0000001C

○ 0x00000034

○ 0x00008014
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Read Data in Direct-Mapped Cache

● 4 addresses divided into 
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0x00000014

0x0000001C

0x00000034

0x00008014



Read Data in Direct-Mapped Cache

● 16 KB direct-mapped cache, 16B blocks

○ Valid bit: determines whether anything is stored in that row 

(when computer initially turned on, all entries invalid)
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Read Data in Direct-Mapped Cache

● No valid data
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Read Data in Direct-Mapped Cache (5/15)

● Load that data into cache, setting tag, valid
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Read Data in Direct-Mapped Cache

● Read from cache at offset, return word b
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Read Data in Direct-Mapped Cache 

● Read 0x00000034
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Read Data in Direct-Mapped Cache

● Read block 3
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Read Data in Direct-Mapped Cache

● No valid data
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Read Data in Direct-Mapped Cache

● Load that cache block, return word f

72



Read Data in Direct-Mapped Cache

● Read 0x00008014
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Read Data in Direct-Mapped Cache

● Read cache block 1, data is valid
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Read Data in Direct-Mapped Cache

● Cache block 1 tag does not match (0 != 2)
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Read Data in Direct-Mapped Cache

● Miss, so replace block 1 with new data & tag
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Read Data in Direct-Mapped Cache

● Return word J
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Takeaway Questions

● What is the cache status when reading?

○ Read address 0x00000030? 

■ 000000000000000000 0000000011 0000 

○ Read address 0x0000001C?

■ 000000000000000000 0000000001 1100 

78



Takeaway Questions

● 0x00000030 a hit

○ Index = 3, Tag matches, offset = 0, 

value = e

● 0x000001C a miss

○ Index = 1, tag mismatch, so replace from 

memory, offset = 0xc, value = d

● Read values must = memory values 

whether or not cached

○ 0x00000030 = e

○ 0x0000001C = d 79



Directed-Mapped Cache Hardware
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Directed-Mapped Cache Hardware
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Directed-Mapped Cache Hardware
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Directed-Mapped Cache Hardware
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Directed-Mapped Cache Hardware
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● Increase block size

○ Block size , b = 4 words

○ C = 8 words, direct mapped (1 block per set)

○ Number of blocks, B = C/b = 8/4 = 2



Directed-Mapped Cache Hardware 
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Directed-Mapped Cache Hardware
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Conclusion

● We would like to have the capacity of disk at the speed of 

the processor: unfortunately this is not feasible

● So we create a memory hierarchy:

○ each successively lower level contains “most used” data from 

next higher level

○ exploits temporal & spatial locality 

○ do the common case fast, worry less about the exceptions 

● Locality of reference is a Big Idea
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