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1 DRAM vs. SRAM

On a processor chip, data is typically stored in SRAM caché¢swever, an SRAM cell is large enough
that a single processor chip can only accommodate a few mgga bf data. Applications typically have
memory requirements that run into many giga bytes. To fuifd memory requirement, a memory system is
constructed on a motherboard using several high-densityaancost DRAM chips. Since we're going off
the processor chip to access this memory, high latency vitatde. Often, the initial focus in constructing
the memory system is high capacity because that has one bfgbest impacts on overall performance;
note that if data is not found in memory, a disk access is reduivhich is far more expensive. This is why
the memory system uses chips with DRAM cells, which have digmsity.

An SRAM cell uses two back-to-back inverters to store a bitc@use of this feedback loop, data is retained
in the cell in spite of continuous leakage current within tiedl. Because of this data retention, the cell is
calledSatic Random Access Memory. The use of two inverters per cell aiadd to low density per bit.

A DRAM cell, on the other hand, is optimized for high densi#y.cell is basically comprised of a single
capacitor. When charge is stored in the capacitor, it reptssa ‘1, else a ‘0’. Over time, the charge in the
capacitor leaks away and the data bit is lost. Hence, tar#iaivalue, it must be read and re-written before
the charge is completely lost. Because of this refresh gsydbe cell is referred to &ynamic Random
Access Memory.

2 Memory Channel

A processor has a memory controller that is responsiblesiuing commands to the memory system. The
memory chips are largely “dumb”; they are almost entirelptoolled by commands emanating from the
memory controller. The memory controller is connected ttspin the processor chip, which in turn are
connected to a memory channel (wires on a motherboard).

The memory channel is made up of a data bus and an addressarahins. The address/command bus is
a unidirectional bus that carries about 17 bits of addredaits of command from the memory controller
to memory chips. The data bus is bidirectional and carriebi®4of data from the memory chips to the
memory controller for a read request, and vice versa for gewri

The memory channel typically operates at a frequency sldlgr the processor — modern channels are
typically 800 MHz or 1066 MHz. The memory system also folladtve DDR (Double Data Rate) standard,
which uses both the rising and falling clock edges to camgyals, i.e., a channel wire carries two bits per
cycle.

In order to support a high channel frequency, the channet bruselatively short and drive a small load.
Hence, only a few memory modules can be connected to the ehann

Modern processors can have as many as four DDR3 memory dbami each having an independent
memory controller.



3 DIMMs, Ranks, Banks, Arrays

The memory modules that plug into the memory channel arereeféo asDual Inline Memory Modules
(DIMMs). Each DIMM is a printed circuit board (PCB) with memory chims the front and back. Since
memory components follow the JEDEC standard, they aredilpiciterchangeable, i.e., if you wanted to
upgrade the memory in your system, you could pull out a DIMM eeplace it with another that has higher
capacity.

A DIMM is organized into 1, 2, or 4 ranks. fank is a collection of DRAM chips that all work together to
keep the 64-bit data bus busy in a cycle. If a single DRAM clap & data input/output width of 8 bits, it is
referred to as a x8 (“by 8”) chip. We would require 8 such x&shb feed a 64-bit data bus; this collection
of 8 x8 chips is referred to as a rank. You could construct & véith 64 x1 chips, 32 x2 chips, 16 x4 chips,
8 x8 chips, 4 x16 chips, 2 x32 chips, and 1 x64 chip (the lastdweonot commercially popular).

A single data wire on the memory channel is only connectech&o@RAM chip pin on a rank. If a memory
channel supports four ranks, a data wire must drive fouefit pins. The number of ranks on a channel
is kept small to reduce this load on the bus. On the other ramdddress/command wire on the memory
channel is connected to every DRAM chip on every rank on tteachl. Because of this higher load, the
address/command wires do not use DDR. To reduce this loatktsoes special DIMMs, called buffered
DIMMs, are used. A buffered DIMM has a buffer chip that reesithe address/command signals and
then broadcasts them to all the DRAM chips on the DIMM, i.a.address/command wire on the memory
channel only drives one buffer chip per DIMM, not every DRANI on the channel.

Fetching data from a rank can take a long time (about 50 ngusecof slow circuits on a DRAM chip.
The memory system would be extremely slow if we had to waibfoe request to complete before issuing
the next. Therefore, multiple requests are serviced inllpardor a read request, the “memory pipeline”
is as follows: the request is issued on the address/commasidtibe involved DRAM chips in a rank
activate their circuits to pick out the requested data; drpested data is sent back on the data bus. To
promote parallelism, once a request has moved on to the destage of the pipeline, the first stage is
available for use by other requests. So while one rank is piging out the requested data, we can use
the address/command bus to fire requests to other ranksefdrerat a time, multiple ranks could be busy
picking out the requested data; ultimately, all the datpaases will happen sequentially on the single data
bus that is shared by the ranks.

This 3-stage pipeline is not balanced; the first stage (adtremmand bus) takes about 1 ns, the second
stage (data select) takes about 50 ns, and the third stagehigs transfer) takes about 5 ns. If we want
to keep the data bus fully utilized, several requests mustdr&ing on the second stage in parallel. The
existence of up to four ranks on a channel helps with thisliedisan, but is not enough. Therefore, a single
rank is itself partitioned into multipléanks. If we assume that a channel has four ranks and each rank
is broken into eight banks, a single channel now supportsa@ks Each bank can work on its request
independently, giving us a high degree of parallelism, aagimizing the chances that some data is ready
to be sent on the data bus in every cycle.

If a rank is made up of eight DRAM chips, each bank in that rda& gpans across eight DRAM chips. Each
bank in this example is therefore partitioned into eighti-banks, where each sub-bank resides entirely in
one DRAM chip (sub-bank is a term | made up to reduce confiisigh sub-bank is itself partitioned
into many dataarrays. This is done to reduce the latency for data look-up and taaedhe interconnect
overhead. You'll find arrays being referred to with differ@ames in the literature: mats, subarrays, tiles.

A single 64-byte cache line is fetched from a single bank. ddehe line is scattered across all the DRAM
chips that form the rank and bank. If we assume a rank that x&scBips, it means that each chip (and

2



sub-bank) contributes 64 bits to the entire cache line tean$hose 64 bits are themselves scattered across
multiple arrays within that sub-bank. Once the data is $ett¢he data transfer on the memory channel will
require eight 64-bit transfers. For each 64-bit transfachechip is contributing eight bits in this example.
Keep in mind that the eight 64-bit transfers requires fouadas cycles since we're using double data rate.

4 Row Buffers

Ultimately, a data request will activate several arraysewesal DRAM chips. Each array is simply a matrix
of DRAM cells, with say, 1024 rows and 1024 columns (a 1 Mbrra he horizontal wire that spans a
row is called a wordline. The data request will activate alerwordline in each involved array; all the
DRAM cells in that row place their data on vertical wires edllbitlines. At the bottom of the array are
sense amplifiers that interpret the signals on the bitlihdakes about 20 ns to bring a row of data into the
sense amplifiers. Thus, a single cache line request may rgatDa4-bit wide rows in (say) 64 different
arrays. The sense-amplifiers therefore store as much as §8 KB) of data. This is referred to as the
row buffer. The requested 64-byte cache line is then selected out08tKiB row buffer and sent back on
the memory channel, with each array contributing eightihithis example. A cache line request therefore
leads to “overfetch” of data into the row buffer. The row leuf€an serve as a cache inside the DRAM chips,
storing 128 different cache lines in our example. If the re@dhe line request is already present in the row
buffer, it can be serviced at a lower latency and energy ¢sth bank has a single row buffer that retains
the last row that was read out of that bank.

Before a new row can be read out of a bank, the bitlines have frécharged. This step, that readies the
bank for the next access, also takes about 20 ns. As soon baglihes are precharged, the row buffer is
lost. Note that the row buffer is simply the set of sense direpdi connected to the bitlines.

This leads to three types of memory accesses. The most Heotase is a row buffer hit, where the
requested cache line is already in the row buffer. Such amsadtas a latency of about 20 ns, which is the
cost of shipping the cache line from the array to the DRAM ahifput pins. The second case is an empty
row access, where the bitlines have been precharged in @slzard the row buffer stores nothing. Such an
access takes 40 ns (20 ns for the row activation that popullagerow buffer and 20 ns for the transfer to the
output pins). The third case is a row buffer conflict, wherdff@idknt row currently occupies the row buffer.
This access takes about 60 ns — 20 ns to precharge the hiides to read the new row, and 20 ns for data
transfer to output pins. It is the responsibility of the meyncontroller to issue precharges at the right time
so that row buffer hits and empty row accesses can be maxdmize

An entire memory access can take about 100 ns (300 procdes&roycles at a 3 GHz frequency) — (say)
35 ns of queuing delay at the memory controller, 1 ns for asfdlecemmand delays, 60 ns for a row buffer
conflict access, and 4 ns for the transfer on the data bus.

5 Capacity vs. Energy

We've seen that a cache line request activates all the chifteeirank and many arrays within these chips.
Each array is made large to reduce the overheads of the paalptircuits for that array (decoders, sense
amplifiers). This leads to wide rows and significant ovetfefthis overfetch incurs a high energy penalty,
but is done to maximize density and reduce cost-per-bitchvid a primary metric for DRAM chips.

If we use wide-output DRAM chips to construct a rank, say 4 24Bb chips, we can service a cache line
by activating few chips, thus reducing overfetch and enelByif such a rank would only have a capacity of
8 Gb. On the other hand, if we used narrow-output DRAM chipg, 16 x4 2 Gb chips, we would increase
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activation energy and overfetch, but a single rank would sopport 32 Gb capacity. These trade-offs must
be considered when populating a memory system with the pppte set of DIMMSs.

6 AddressMapping

The memory controller can interpret addresses in diffevemts, each leading to a different placement of
data in memory. The assumption is that applications wililgikllata locality and access consecutive cache
lines within a short time window. To promote row buffer hitcensecutive cache lines can be placed in the
same row. To promote parallelism, consecutive cache liaede placed in different ranks and banks. For
the first mapping policy, the data address can be interpetdallows:

row : rank : bank : channel : column : blkof f set

The last few bits represent the data offset within the caiclee The next few bits represent different column

bits within a row buffer. Consecutive cache lines will firstfel in these column bits, thus representing

different elements within a single fow buffer. The secongmag policy would interpre the data address as
follows, where the last few fields represent different cl@sbanks, and ranks:

row : columnrank : bank : channel : blkof fset

7 Scheduling

The memory controller incorporates all the intelligencéhi@ memory system. It is responsible for issuing
commands in a manner that optimizes performance, energyaaness. The following considerations play
arole in determining a good schedule.

First, as discussed above, the scheduler must try to keep apen so it can service row buffer hits. This
is referred to as an open-page policy and works well for appbns that have high data locality. However,
an open-page policy will eventually lead to an expensive baffer conflict when it is time to access a new
row. If an application has little locality, it is better toaus close-page policy that precharges the bitlines
immediately after a cache line has been serviced. Thismdites row buffer hits and row buffer conflicts
and leads to empty row accesses. Modern memory controberpnoprietary algorithms that implement a
policy somewhere between an open- and close-page policy.

Second, the direction of the data bus must be switched eweente alternate between a read and a write.
This is referred to as bus turnaround time (about 7.5 ns) am&t be minimized. Hence, reads and writes
are typically serviced in bursts. Reads are always priatiand serviced first. Writes are not as critical
(since a write to memory is generated when a dirty block istedi from cache) and are placed in a write
buffer. When the write buffer is close to filling up (reachdsigh water mark), we switch the bus direction

and start draining writes until it reaches a low water markthat point, the bus direction is switched again
and we resume servicing reads.

Third, the scheduler must examine the queue of pending @gasnding writes every cycle to pick out an
appropriate read or write that maximizes performance. rQieFR-FCFS scheme is used that prioritizes
potential row buffer hits over other requests, i.e., lexpleit the row buffer locality before the bank moves
on to another row. Note that the memory controller is shaseddveral cores on a chip. Since FR-FCFS
may end up prioritizing a thread with high row buffer locgliadditional mechanisms may be required to
enforce fairness.



Fourth, the scheduler must issue refresh operations aightetime. In the worst-case, a DRAM cell is
expected to lose its charge within 64 ms. When a row is aetilyahe cells in that row are automatically
refreshed. Since not all rows are activated within every &wmdow, a background refresh process is
required that sequentially steps through every row in thmorg sytem and refreshes that row. The 64 ms
window is partitioned into 8192 smaller windows, each tagir.8:s. In each 7.8s window, the memory
controller issues a refresh command that keeps the memstgnsybusy for a few hundred cycles while it
refreshes a few rows in every bank and every rank on the channe



