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Today’s Lecture: DRAM

Top-down: SDRAM commands

Bottom-up: DRAM core cells

DRAM controller design ideas
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Dynamic Memory Cells
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Recall: Capacitors in action

I = 0

Because the 
dielectric is an 
insulator, and 
does not conduct.

After circuit “settles” ...

Q = C V = C * 1.5 Volts (D cell)

Q: Charge stored on capacitor
C: The capacitance of the 
device: function of device 
shape and type of dielectric. 

+++ +++

--- ---

After battery is removed: +++ +++

--- ---Still, Q = C * 1.5  Volts
Capacitor “remembers” charge

1.5V 
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DRAM cell: 1 transistor, 1 capacitor

Vdd

Capacitor 

“Word Line”“Bit Line”

p-

oxide
n+ n+

oxide
------

“Bit Line”

Word Line and Vdd run on “z-axis”

Vdd

Diode 
leakage
current.

Why 
Vcap 
values 
start 
out at  
ground.

Vcap

Word
 Line

Vdd

“Bit Line”
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A 4 x 4 DRAM array (16 bits) ....
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Invented after SRAM, by Robert Dennard

www.FreePatentsOnline.com

www.FreePatentsOnline.com

www.FreePatentsOnline.com
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DRAM Circuit Challenge #1: Writing

Vdd

Vdd - Vth.  Bad, we store less 
charge.  Why do we not get Vdd?

Vdd
Vdd

Ids = [(µεW)/(2LD)]  [Vgs -Vth]^2 , 
but “turns off” when Vgs <= Vth!

Vgs

Vc

Vgs = Vdd - Vc.  When Vdd - Vc == Vth, charging effectively stops!
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DRAM Challenge #2: Destructive Reads

Vdd

Vc -> 0

+
+
+
+
+
+
+

+++++++   (stored charge from cell)

0 -> Vdd

Word Line

Raising the word line removes the 
charge from every cell it connects to!

Must write back after each read.

Vgs

Bit Line
(initialized
to a low 
voltage)
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DRAM Circuit Challenge #3a: Sensing

Assume Ccell = 1 fF

Bit line may have 2000 nFet drains,
assume bit line C of 100 fF, or 100*Ccell.

Ccell holds Q = Ccell*(Vdd-Vth)

dV = [Ccell*(Vdd-Vth)] / [100*Ccell]

dV = (Vdd-Vth) / 100 ⋲ tens of millivolts! 
In practice, scale array to get a 60mV signal.

When we dump this charge onto the 
bit line, what voltage do we see?

Ccell100*Ccell
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DRAM Circuit Challenge #3b: Sensing

Compare the bit line against the voltage on a 
“dummy” bit line.

How do we reliably sense a 60mV signal?

[...]

“Dummy” bit line.
Cells hold no charge.

?
-
+Bit line to sense

Dummy bit line

“sense amp”
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DRAM Challenge #4: Leakage ...

Vdd

Bit Line
+
+
+
+
+
+
+

Word Line

p-

oxide
n+ n+

oxide
------

Parasitic currents 
leak away charge.

Diode leakage ...

Solution: “Refresh”, by reading cells at 
regular intervals (tens of milliseconds)
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DRAM Challenge #5: Cosmic Rays ...

Vdd

Bit Line
+
+
+
+
+
+
+

Word Line

p-

oxide
n+ n+

oxide
------

Cosmic ray hit.

Solution: Store extra bits to detect 
and correct random bit flips (ECC).

Cell capacitor holds 25,000 electrons 
(or less).  Cosmic rays that constantly 
bombard us can release the charge!
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DRAM Challenge 6: Yield

Solution: add extra bit lines (i.e. 80 when 
you only need 64). During testing, find the 
bad bit lines, and use high current to burn 
away “fuses” put on chip to remove them.

If one bit is bad, do we throw chip away?

[...]

Extra bit lines.
Used for “sparing”.
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Recall: Process Scaling

66

65nm

300mm

Dual Core

Scaling:  Scaling:  The Fundamental Cost DriverThe Fundamental Cost Driver

90nm

300mm

130nm

200mm

180nm

200mm

250nm

200mm

350nm

200mm

OROR ==
Twice theTwice the

circuitry in thecircuitry in the

same spacesame space

(architectural(architectural

innovation)innovation)

The sameThe same

circuitry in halfcircuitry in half

the spacethe space

(cost reduction)(cost reduction)

Half the die sizeHalf the die size
for the samefor the same

capability thancapability than
in the priorin the prior

processprocess

Recall process 
scaling 
(“Moore’s Law”)

From: “Facing the Hot Chips Challenge Again”, Bill Holt, Intel, presented at Hot Chips 17, 2005.

1616

Process Advances Still Scale PowerProcess Advances Still Scale Power

but the rate has slowed and collaboration is requiredbut the rate has slowed and collaboration is required
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Due to reducing 
V and C (length 
and width of Cs   
decrease, but  
plate distance 
gets smaller).

Recent slope 
more shallow 
because V is 
being scaled 
less 
aggressively.
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DRAM Challenge 7: Scaling

Each generation of IC technology, 
we shrink width and length of cell.

dV ⋲ 60 mV= [Ccell*(Vdd-Vth)] / [100*Ccell]

Solution: Constant Innovation of Cell Capacitors!

Problem 1: Number of arrays per chip grows!

As Ccell and drain capacitances scale together, 
number of bits per bit line stays constant.

Problem 2: Vdd may need to scale down too!
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Poly-diffusion Ccell is ancient history

Vdd

Capacitor 

“Word Line”“Bit Line”

p-

oxide
n+ n+

oxide
------

“Bit Line”

Word Line and Vdd run on “z-axis”

Word
 Line

Vdd

“Bit Line”
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Early replacement: “Trench” capacitors
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Final generation of trench capacitors

The 
companies 
that kept 
scaling 
trench 
capacitors 
are in the 
process of 
going out of 
business ...
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Modern cells: “stacked” capacitors
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Micron 50nm 1-Gbit DDR2 die photo
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Memory Arrays

1128Mb: x4, x8, x16 SDRAM Micron Technology, Inc., reserves the right to change products or specifications without notice.
128MSDRAM_E.p65 – Rev. E; Pub. 1/02         ©2001, Micron Technology, Inc.

128Mb: x4, x8, x16
SDRAM

PRODUCTS AND SPECIFICATIONS DISCUSSED HEREIN ARE SUBJECT TO CHANGE BY MICRON WITHOUT NOTICE.

32 Meg x 4 16 Meg x 8 8 Meg x 16
Configuration 8 Meg x 4 x 4 banks 4 Meg x 8 x 4 banks 2 Meg x 16 x 4 banks
Refresh Count 4K 4K 4K
Row Addressing 4K (A0–A11) 4K (A0–A11) 4K (A0–A11)
Bank Addressing 4 (BA0, BA1) 4 (BA0, BA1) 4 (BA0, BA1)
Column Addressing 2K (A0–A9, A11) 1K (A0–A9) 512 (A0–A8)

SYNCHRONOUS
DRAM

MT48LC32M4A2 – 8 Meg x 4 x 4 banks
MT48LC16M8A2 – 4 Meg x 8 x 4 banks
MT48LC8M16A2 – 2 Meg x 16 x 4 banks

For the latest data sheet, please refer to the Micron Web
site: www.micron.com/dramds

PIN ASSIGNMENT (Top View)

54-Pin TSOP

FEATURES
• PC100-, and PC133-compliant
• Fully synchronous; all signals registered on positive

edge of system clock
• Internal pipelined operation; column address can be

changed every clock cycle
• Internal banks for hiding row access/precharge
• Programmable burst lengths: 1, 2, 4, 8, or full page
• Auto Precharge, includes CONCURRENT AUTO

PRECHARGE, and Auto Refresh Modes
• Self Refresh Mode; standard and low power
• 64ms, 4,096-cycle refresh
• LVTTL-compatible inputs and outputs
• Single +3.3V ±0.3V power supply

OPTIONS MARKING
• Configurations

32 Meg x 4 (8 Meg x 4 x 4 banks) 32M4
16 Meg x 8 (4 Meg x 8 x 4 banks) 16M8

8 Meg x 16 (2 Meg x 16 x 4 banks) 8M16
• WRITE Recovery (tWR)

tWR = “2 CLK”1 A2
• Package/Pinout

Plastic Package – OCPL2

54-pin TSOP II (400 mil) TG
60-ball FBGA (8mm x 16mm) FB 3,6

60-ball FBGA (11mm x 13mm) FC 3,6

• Timing (Cycle Time)
10ns @ CL = 2 (PC100) -8E 3,4,5

7.5ns @ CL = 3 (PC133) -75
7.5ns @ CL = 2 (PC133) -7E

• Self Refresh
Standard None
Low power L

• Operating Temperature Range
Commercial (0oC to +70oC) None
Industrial (-40oC to +85oC) IT 3

Part Number Example:

MT48LC16M8A2TG-7E
NOTE: 1. Refer to Micron Technical Note: TN-48-05.

2. Off-center parting line.
3. Consult Micron for availability.
4. Not recommended for new designs.
5. Shown for PC100 compatability.
6. See page 59 for FBGA Device Marking Table.

VDD

DQ0
VDDQ
DQ1
DQ2
VssQ
DQ3
DQ4

VDDQ
DQ5
DQ6
VssQ
DQ7
VDD

DQML
WE#
CAS#
RAS#

CS#
BA0
BA1
A10
A0
A1
A2
A3

VDD

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

54
53
52
51
50
49
48
47
46
45
44
43
42
41
40
39
38
37
36
35
34
33
32
31
30
29
28

Vss
DQ15
VssQ
DQ14
DQ13
VDDQ
DQ12
DQ11
VssQ
DQ10
DQ9
VDDQ
DQ8
Vss
NC
DQMH
CLK
CKE
NC
A11
A9
A8
A7
A6
A5
A4
Vss

x8x16 x16x8 x4x4
-  

DQ0
-  

NC
DQ1

-  
NC

DQ2
-  

NC
DQ3

-  
NC
-  

NC
-  
-  
-  
-  
-  
-  
-  
-  
-  
-  
-  
-  

-  
NC
-  

NC
DQ0

-  
NC
NC
-  

NC
DQ1

-  
NC
-  

NC
-  
-  
-  
-  
-  
-  
-  
-  
-  
-  
-  
-  

-  
DQ7
-  
NC
DQ6
-  
NC
DQ5
-  
NC
DQ4
-  
NC
-  
-  
DQM
-  
-  
-  
-  
-  
-  
-  
-  
-  
-  
-  

-  
NC
-  
NC
DQ3
-  
NC
NC
-  
NC
DQ2
 -  
NC
-  
-  
DQM
-  
-  
-  
-  
-  
-  
-  
-  
-  
-  
-  

Note: The # symbol indicates signal is active LOW. A dash (–)
indicates x8 and x4 pin function is same as x16 pin function.

KEY TIMING PARAMETERS

SPEED CLOCK ACCESS TIME SETUP HOLD
GRADE FREQUENCY CL = 2* CL = 3* TIME TIME

-7E 143 MHz – 5.4ns 1.5ns 0.8ns
-7E 133 MHz 5.4ns – 1.5ns 0.8ns
-75 133 MHz – 5.4ns 1.5ns 0.8ns

-8E 3,4,5 125 MHz – 6ns 2ns 1ns
-75 100 MHz 6ns – 1.5ns 0.8ns

-8E 3 ,4,5 100 MHz 6ns – 2ns 1ns

*CL = CAS (READ) latency

Older SDRAM part: 133 Mhz, 128 Mb
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4096 
rows

2048 
columns

33,554,432 usable bits
(tester found good bits in bigger array)

1 

o
f 

4
0
9
6 

d
e
c
o
d
e
r

12-bit
row 

address 
input

2048 bits delivered by sense amps

Select requested bits, send off the chip

A “bank” of 32 Mb (128Mb chip -> 4 banks)
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Recall DRAM Challenge #3b: Sensing

Compare the bit line against the voltage on a 
“dummy” bit line.

How do we reliably sense a 60mV signal?

[...]

“Dummy” bit line.
Cells hold no charge.

?
-
+Bit line to sense

Dummy bit line

“sense amp”
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4096 
rows

1 

o
f 

4
0
9
6 

d
e
c
o
d
e
r

2048 
columns

33,554,432 usable bits
(tester found good bits in bigger array)

12-bit
row 

address 
input

2048 bits delivered by sense amps

Select requested bits, send off the chip

“Sensing” is row read into sense amps
Slow!  This 7.5ns period DRAM (133 MHz) can 

do row reads at only 75 ns ( 13 MHz).

DRAM has high latency to first bit out. A fact of life.
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An ill-timed refresh may add to latency 

Vdd

Bit Line
+
+
+
+
+
+
+

Word Line

p-

oxide
n+ n+

oxide
------

Parasitic currents 
leak away charge.

Diode leakage ...

Solution: “Refresh”, by reading cells at 
regular intervals (tens of milliseconds)
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4096 
rows

1 

o
f 

4
0
9
6 

d
e
c
o
d
e
r

2048 
columns

33,554,432 usable bits
(tester found good bits in bigger array)

12-bit
row 

address 
input

2048 bits delivered by sense amps

Select requested bits, send off the chip

Latency is not the same as bandwidth!
What if we want all of the 2048 bits? 
In row access time (75 ns) we can do

10 transfers at 133 MHz. 
8-bit chip bus -> 10 x 8 = 80 bits << 2048

Now the row access time looks fast! 

Thus, push to 
faster DRAM 

interfaces
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4096 
rows

1 

o
f 

4
0
9
6 

d
e
c
o
d
e
r

2048 
columns

33,554,432 usable bits
(tester found good bits in bigger array)

12-bit
row 

address 
input

2048 bits delivered by sense amps

Select requested bits, send off the chip

Sadly, it’s rarely this good ...
What if we want all of the 2048 bits?

 The “we” for a CPU would be the 
program running on the CPU.

Recall Amdalh’s law: If 20% of the memory 
accesses need a new row access ... not good.
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DRAM latency/bandwidth chip features
Columns: Design the right interface
for CPUs to request the subset of a 
column of data it wishes:

2048 bits delivered by sense amps

Select requested bits, send off the chip

Interleaving: Design the right interface 
to the 4 memory banks on the chip, so
several row requests run in parallel.

Bank 1 Bank 2 Bank 3 Bank 4

29
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Off-chip interface for the Micron part ...

11128Mb: x4, x8, x16 SDRAM Micron Technology, Inc., reserves the right to change products or specifications without notice.
128MSDRAM_E.p65 – Rev. E; Pub. 1/02         ©2001, Micron Technology, Inc.

128Mb: x4, x8, x16
SDRAM

Operating Mode
The normal operating mode is selected by setting M7

and M8 to zero; the other combinations of values for M7
and M8 are reserved for future use and/or test modes.
The programmed burst length applies to both READ and
WRITE bursts.

Test modes and reserved states should not be used
because unknown operation or incompatibility with fu-
ture versions may result.

Write Burst Mode
When M9 = 0, the burst length programmed via

M0-M2 applies to both READ and WRITE bursts; when
M9 = 1, the programmed burst length applies to
READ bursts, but write accesses are single-location
(nonburst) accesses.

CAS Latency
The CAS latency is the delay, in clock cycles, between

the registration of a READ command and the availability
of the first piece of output data. The latency can be set to
two or three clocks.

If a READ command is registered at clock edge n, and
the latency is m clocks, the data will be available by clock
edge n + m. The DQs will start driving as a result of the
clock edge one cycle earlier (n + m - 1), and provided that
the relevant access times are met, the data will be valid by
clock edge n + m. For example, assuming that the clock
cycle time is such that all relevant access times are met,
if a READ command is registered at T0 and the latency is
programmed to two clocks, the DQs will start driving
after T1 and the data will be valid by T2, as shown in
Figure 2. Table 2 below indicates the operating frequen-
cies at which each CAS latency setting can be used.

Reserved states should not be used as unknown op-
eration or incompatibility with future versions
may result.

Figure 2
CAS Latency

CLK

DQ

T2T1 T3T0

CAS Latency = 3 

LZ

DOUT

tOHt

COMMAND NOPREAD

tAC

NOP

T4

NOP

DON’T CARE

UNDEFINED

CLK

DQ

T2T1 T3T0

CAS Latency = 2 

LZ

DOUT

tOHt

COMMAND NOPREAD

tAC

NOP

Table 2
CAS Latency
ALLOWABLE OPERATING

FREQUENCY (MHz)
CAS CAS

SPEED LATENCY = 2 LATENCY = 3
-7E ! 133 ! 143
-75 ! 100 ! 133
-8E ! 100 ! 125

Note!  This example is best-case! 
To access a new row, a slow ACTIVE 

command must run before the READ.

A clocked bus 
protocol

(133 MHz)

DRAM is controlled via 
commands

(READ, WRITE, 
REFRESH, ...)

Synchronous 
data output.

From Micron 128 Mb SDRAM data sheet (on “resources” web page)

(CAS = Column Address Strobe)
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Opening a row before reading ...

45128Mb: x4, x8, x16 SDRAM Micron Technology, Inc., reserves the right to change products or specifications without notice.
128MSDRAM_E.p65 – Rev. E; Pub. 1/02         ©2001, Micron Technology, Inc.

128Mb: x4, x8, x16
SDRAM

ENABLE AUTO PRECHARGE

tCH

tCLtCK

tRPtRAS

tRCD CAS Latency

tRC

DQM /    
DQML, DQMH

CKE

CLK

A0-A9, A11

DQ

BA0, BA1

A10

tCMHtCMS

 

tAHtAS

tAHtAS

tAHtAS

ROW

ROW

BANK BANK 

ROW

ROW

BANK

DON’T CARE

UNDEFINED

tHZ

tOH

DOUT m 

tAC

COMMAND

tCMHtCMS

NOP3 READACTIVE NOP NOP3 ACTIVENOP

tCKHtCKS

COLUMN m2

T0 T1 T2 T4T3 T5 T6 T7 T8

NOP NOP

NOTE: 1. For this example, the burst length = 1, and the CAS latency = 2.
2. x16: A9 and A11 = “Don’t Care”

x8: A11 = “Don’t Care”
3. READ command not allowed else tRAS would be violated.

*CAS latency indicated in parentheses.

-7E -75 -8E
SYMBOL* MIN MAX MIN MAX MIN MAX UNITS
tCMH 0.8 0.8 1 ns
tCMS 1.5 1.5 2 ns
tHZ(3) 5.4 5.4 6 ns
tHZ(2) 5.4 6 6 ns
tLZ 1 1 1 ns
tOH 3 3 3 ns
tRAS 37 120,000 44 120,000 50 120,000 ns
tRC 60 66 70 ns
tRCD 15 20 20 ns
tRP 15 20 20 ns

TIMING PARAMETERS

-7E -75 -8E
SYMBOL* MIN MAX MIN MAX MIN MAX UNITS
tAC (3) 5.4 5.4 6 ns
tAC (2) 5.4 6 6 ns
tAH 0.8 0.8 1 ns
tAS 1.5 1.5 2 ns
tCH 2.5 2.5 3 ns
tCL 2.5 2.5 3 ns
tCK (3) 7 7.5 8 ns
tCK (2) 7.5 10 10 ns
tCKH 0.8 0.8 1 ns
tCKS 1.5 1.5 2 ns

 SINGLE READ – WITH AUTO PRECHARGE 1

44 ns 

6 ns 
+

Note: Example uses Auto-Precharge, 100Mhz part

70 ns between row opens.
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However, we can read columns quickly

43128Mb: x4, x8, x16 SDRAM Micron Technology, Inc., reserves the right to change products or specifications without notice.
128MSDRAM_E.p65 – Rev. E; Pub. 1/02         ©2001, Micron Technology, Inc.

128Mb: x4, x8, x16
SDRAM

 READ – WITH AUTO PRECHARGE 1

ENABLE AUTO PRECHARGE

tCH

tCLtCK

tAC

tLZ

tRP

tRAS

tRCD CAS Latency

tRC

DQM /    
DQML, DQMH

CKE

CLK

A0-A9, A11

DQ

BA0, BA1

A10

tOH

DOUT m

tCMHtCMS

 

tAHtAS

tAHtAS

tAHtAS

ROW

ROW

BANK BANK 

ROW

ROW

BANK

DON’T CARE

UNDEFINED

tHZ

tOH

DOUT m + 3

tAC
tOH

tAC
tOH

tAC

DOUT m + 2DOUT m + 1

COMMAND

tCMHtCMS

NOPNOP NOPACTIVE NOP READ NOP ACTIVENOP

tCKHtCKS

COLUMN m2

T0 T1 T2 T4T3 T5 T6 T7 T8

NOTE: 1. For this example, the burst length = 4, and the CAS latency = 2.
2. x16: A9 and A11 = “Don’t Care”

x8: A11 = “Don’t Care”

*CAS latency indicated in parentheses.

-7E -75 -8E
SYMBOL* MIN MAX MIN MAX MIN MAX UNITS
tCMH 0.8 0.8 1 ns
tCMS 1.5 1.5 2 ns
tHZ(3) 5.4 5.4 6 ns
tHZ(2) 5.4 6 6 ns
tLZ 1 1 1 ns
tOH 3 3 3 ns
tRAS 37 120,000 44 120,000 50 120,000 ns
tRC 60 66 70 ns
tRCD 15 20 20 ns
tRP 15 20 20 ns

TIMING PARAMETERS

-7E -75 -8E
SYMBOL* MIN MAX MIN MAX MIN MAX UNITS
tAC (3) 5.4 5.4 6 ns
tAC (2) 5.4 6 6 ns
tAH 0.8 0.8 1 ns
tAS 1.5 1.5 2 ns
tCH 2.5 2.5 3 ns
tCL 2.5 2.5 3 ns
tCK (3) 7 7.5 8 ns
tCK (2) 7.5 10 10 ns
tCKH 0.8 0.8 1 ns
tCKS 1.5 1.5 2 ns
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4096 
rows

1 

o
f 

4
0
9
6 

d
e
c
o
d
e
r

2048 
columns

33,554,432 usable bits
(tester found good bits in bigger array)

12-bit
row 

address 
input

2048 bits delivered by sense amps

Select requested bits, send off the chip

Why? Reading “delivered bits” is fast.

Column reads are selecting from the 2048 bits here

33
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44128Mb: x4, x8, x16 SDRAM Micron Technology, Inc., reserves the right to change products or specifications without notice.
128MSDRAM_E.p65 – Rev. E; Pub. 1/02         ©2001, Micron Technology, Inc.

128Mb: x4, x8, x16
SDRAM

NOTE: 1. For this example, the burst length = 1, the CAS latency = 2, and the READ burst is followed by a “manual”
PRECHARGE.

2. x16: A9 and A11 = “Don’t Care”
x8: A11 = “Don’t Care”

3. PRECHARGE command not allowed or tRAS would be violated.

*CAS latency indicated in parentheses.

-7E -75 -8E
SYMBOL* MIN MAX MIN MAX MIN MAX UNITS
tCMH 0.8 0.8 1 ns
tCMS 1.5 1.5 2 ns
tHZ(3) 5.4 5.4 6 ns
tHZ(2) 5.4 6 6 ns
tLZ 1 1 1 ns
tOH 3 3 3 ns
tRAS 37 120,000 44 120,000 50 120,000 ns
tRC 60 66 70 ns
tRCD 15 20 20 ns
tRP 15 20 20 ns

TIMING PARAMETERS

-7E -75 -8E
SYMBOL* MIN MAX MIN MAX MIN MAX UNITS
tAC (3) 5.4 5.4 6 ns
tAC (2) 5.4 6 6 ns
tAH 0.8 0.8 1 ns
tAS 1.5 1.5 2 ns
tCH 2.5 2.5 3 ns
tCL 2.5 2.5 3 ns
tCK (3) 7 7.5 8 ns
tCK (2) 7.5 10 10 ns
tCKH 0.8 0.8 1 ns
tCKS 1.5 1.5 2 ns

SINGLE READ – WITHOUT AUTO PRECHARGE 1

ALL BANKS

tCH

tCLtCK

tAC

tLZ

tRP

tRAS

tRCD CAS Latency

tRC

tOH

DOUT m

tCMHtCMS

 

tAHtAS

tAHtAS

tAHtAS

ROW

ROW

BANK BANK(S) BANK 

ROW

ROW

BANK

tHZ

tCMHtCMS

NOPNOPNOP PRECHARGEACTIVE NOP READ ACTIVE NOP

DISABLE AUTO PRECHARGE SINGLE BANKS

DON’T CARE

UNDEFINED

COLUMN m2

tCKHtCKS

T0 T1 T2 T3 T4 T5 T6 T7 T8

DQM /   
DQML, DQMH

CKE

CLK

A0-A9, A11

DQ

BA0, BA1

A10

COMMAND 3 3

Precharge can also be done manually

Between first ACTIVE and PRECHARGE, we can do as many 
READ and WRITE commands on a row as we wish ...

What happens during a PRECHARGE?
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Recall: A DRAM read cycle ...

Vdd

Bit Line

0 -> Vdd Vc -> 0

+
+
+
+
+
+
+

+++++++   (stored charge from cell)

Word Line

Vgs

(initialized
to a low 
voltage)

This “initializing” takes time to do ... 
and is done during Precharge.
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Interleave: Access all 4 banks in parallel

18128Mb: x4, x8, x16 SDRAM Micron Technology, Inc., reserves the right to change products or specifications without notice.
128MSDRAM_E.p65 – Rev. E; Pub. 1/02         ©2001, Micron Technology, Inc.

128Mb: x4, x8, x16
SDRAM

Figure 8
Random READ Accesses

CLK

DQ

T2T1 T4T3 T6T5T0

COMMAND

ADDRESS

READ NOP NOP

BANK,
COL n

DOUT

n
DOUT

a
DOUT

x
DOUT

 m

READ

NOTE: Each READ command may be to any bank. DQM is LOW.
 

READ READ NOP

BANK,
COL a

BANK,
COL x

BANK,
COL m

CLK

DQ DOUT

 n

T2T1 T4T3 T5T0

COMMAND

ADDRESS

READ NOP

BANK,
COL n

DOUT

a
DOUT

x
DOUT

m

READ READ READ NOP

BANK,
COL a

BANK,
COL x

BANK,
COL m

CAS Latency = 2

CAS Latency = 3

DON’T CARE

Can also WRITE, PRECHARGE, ACTIVE banks concurrently.

36



UC Regents Fall 2009 © UCBCS 250 L11:  DRAM

From DRAM chip to DIMM module ...

PDF: 09005aef82250868/Source: 09005aef82250815 Micron Technology, Inc., reserves the right to change products or specifications without notice.
HTF9C32_64_128x72.fm - Rev. E 6/08 EN 6 ©2003 Micron Technology, Inc. All rights reserved.

 256MB, 512MB, 1GB (x72, ECC, SR) 240-Pin DDR2 SDRAM RDIMM
Functional Block Diagrams

Functional Block Diagrams
Figure 2:  Functional Block Diagram – Raw Card A Non-Parity
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DRAM Controller Ideas
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charge, a row access, and a column access for a total of
seven cycles per reference, or 56 cycles for all eight refer-
ences. If we reschedule these operations as shown in Figure
1B they can be performed in 19 cycles.

The following section discusses the characteristics of mod-
ern DRAM architecture. Section 3 introduces the concept of
memory access scheduling and the possible algorithms that
can be used to reorder DRAM operations. Section 4
describes the streaming media processor and benchmarks
that will be used to evaluate memory access scheduling.
Section 5 presents a performance comparison of the various
memory access scheduling algorithms. Finally, Section 6
presents related work to memory access scheduling.

2  Modern DRAM Architecture

As illustrated by the example in the Introduction, the order
in which DRAM accesses are scheduled can have a dra-
matic impact on memory throughput and latency. To
improve memory performance, a memory controller must
take advantage of the characteristics of modern DRAM.

Figure 2 shows the internal organization of modern
DRAMs. These DRAMs are three-dimensional memories
with the dimensions of bank, row, and column. Each bank
operates independently of the other banks and contains an
array of memory cells that are accessed an entire row at a
time. When a row of this memory array is accessed (row
activation) the entire row of the memory array is transferred
into the bank’s row buffer. The row buffer serves as a cache
to reduce the latency of subsequent accesses to that row.
While a row is active in the row buffer, any number of reads
or writes (column accesses) may be performed, typically
with a throughput of one per cycle. After completing the

available column accesses, the cached row must be written
back to the memory array by an explicit operation (bank
precharge) which prepares the bank for a subsequent row
activation. An overview of several different modern DRAM
types and organizations, along with a performance compari-
son for in-order access, can be found in [4].

For example, the 128Mb NEC µPD45128163 [13], a typical
SDRAM, includes four internal memory banks, each com-
posed of 4096 rows and 512 columns. This SDRAM may be
operated at 125MHz, with a precharge latency of 3 cycles
(24ns) and a row access latency of 3 cycles (24ns). Pipe-
lined column accesses that transfer 16 bits may issue at the
rate of one per cycle (8ns), yielding a peak transfer rate of
250MB/s. However, it is difficult to achieve this rate on
non-sequential access patterns for several reasons. A bank
cannot be accessed during the precharge/activate latency, a
single cycle of high impedance is required on the data pins
when switching between read and write column accesses,
and a single set of address lines is shared by all DRAM
operations (bank precharge, row activation, and column
access). The amount of bank parallelism that is exploited
and the number of column accesses that are made per row
access dictate the sustainable memory bandwidth out of
such a DRAM, as illustrated in Figure 1 of the Introduction.

A memory access scheduler must generate a schedule that
conforms to the timing and resource constraints of these
modern DRAMs. Figure 3 illustrates these constraints for
the NEC SDRAM with a simplified bank state diagram and
a table of operation resource utilization. Each DRAM oper-
ation makes different demands on the three DRAM
resources: the internal banks, a single set of address lines,
and a single set of data lines. The scheduler must ensure that

Figure 1. Time to complete a series of memory references without (A) and with (B) access reordering.
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Abstract

The bandwidth and latency of a memory system are strongly

dependent on the manner in which accesses interact with
the “3-D” structure of banks, rows, and columns character-

istic of contemporary DRAM chips. There is nearly an order

of magnitude difference in bandwidth between successive

references to different columns within a row and different

rows within a bank. This paper introduces memory access
scheduling, a technique that improves the performance of a
memory system by reordering memory references to exploit

locality within the 3-D memory structure. Conservative

reordering, in which the first ready reference in a sequence

is performed, improves bandwidth by 40% for traces from

five media benchmarks. Aggressive reordering, in which

operations are scheduled to optimize memory bandwidth,
improves bandwidth by 93% for the same set of applica-

tions. Memory access scheduling is particularly important

for media processors where it enables the processor to make

the most efficient use of scarce memory bandwidth.

1  Introduction

Modern computer systems are becoming increasingly lim-
ited by memory performance. While processor performance
increases at a rate of 60% per year, the bandwidth of a mem-
ory chip increases by only 10% per year making it costly to
provide the memory bandwidth required to match the pro-
cessor performance [14] [17]. The memory bandwidth bot-
tleneck is even more acute for media processors with
streaming memory reference patterns that do not cache well.
Without an effective cache to reduce the bandwidth
demands on main memory, these media processors are more

often limited by memory system bandwidth than other com-
puter systems.

To maximize memory bandwidth, modern DRAM compo-
nents allow pipelining of memory accesses, provide several
independent memory banks, and cache the most recently
accessed row of each bank. While these features increase
the peak supplied memory bandwidth, they also make the
performance of the DRAM highly dependent on the access
pattern. Modern DRAMs are not truly random access
devices (equal access time to all locations) but rather are
three-dimensional memory devices with dimensions of
bank, row, and column. Sequential accesses to different
rows within one bank have high latency and cannot be pipe-
lined, while accesses to different banks or different words
within a single row have low latency and can be pipelined.

The three-dimensional nature of modern memory devices
makes it advantageous to reorder memory operations to
exploit the non-uniform access times of the DRAM. This
optimization is similar to how a superscalar processor
schedules arithmetic operations out of order. As with a
superscalar processor, the semantics of sequential execution
are preserved by reordering the results.

This paper introduces memory access scheduling in which
DRAM operations are scheduled, possibly completing
memory references out of order, to optimize memory sys-
tem performance. The several memory access scheduling
strategies introduced in this paper increase the sustained
memory bandwidth of a system by up to 144% over a sys-
tem with no access scheduling when applied to realistic syn-
thetic benchmarks. Media processing applications exhibit a
30% improvement in sustained memory bandwidth with
memory access scheduling, and the traces of these applica-
tions offer a potential bandwidth improvement of up to
93%.

To see the advantage of memory access scheduling, con-
sider the sequence of eight memory operations shown in
Figure 1A. Each reference is represented by the triple (bank,
row, column). Suppose we have a memory system utilizing
a DRAM that requires 3 cycles to precharge a bank, 3 cycles
to access a row of a bank, and 1 cycle to access a column of
a row. Once a row has been accessed, a new column access
can issue each cycle until the bank is precharged. If these
eight references are performed in order, each requires a pre-

1. Scott Rixner is an Electrical Engineering graduate student at 
the Massachusetts Institute of Technology.
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charge, a row access, and a column access for a total of
seven cycles per reference, or 56 cycles for all eight refer-
ences. If we reschedule these operations as shown in Figure
1B they can be performed in 19 cycles.

The following section discusses the characteristics of mod-
ern DRAM architecture. Section 3 introduces the concept of
memory access scheduling and the possible algorithms that
can be used to reorder DRAM operations. Section 4
describes the streaming media processor and benchmarks
that will be used to evaluate memory access scheduling.
Section 5 presents a performance comparison of the various
memory access scheduling algorithms. Finally, Section 6
presents related work to memory access scheduling.

2  Modern DRAM Architecture

As illustrated by the example in the Introduction, the order
in which DRAM accesses are scheduled can have a dra-
matic impact on memory throughput and latency. To
improve memory performance, a memory controller must
take advantage of the characteristics of modern DRAM.

Figure 2 shows the internal organization of modern
DRAMs. These DRAMs are three-dimensional memories
with the dimensions of bank, row, and column. Each bank
operates independently of the other banks and contains an
array of memory cells that are accessed an entire row at a
time. When a row of this memory array is accessed (row
activation) the entire row of the memory array is transferred
into the bank’s row buffer. The row buffer serves as a cache
to reduce the latency of subsequent accesses to that row.
While a row is active in the row buffer, any number of reads
or writes (column accesses) may be performed, typically
with a throughput of one per cycle. After completing the

available column accesses, the cached row must be written
back to the memory array by an explicit operation (bank
precharge) which prepares the bank for a subsequent row
activation. An overview of several different modern DRAM
types and organizations, along with a performance compari-
son for in-order access, can be found in [4].

For example, the 128Mb NEC µPD45128163 [13], a typical
SDRAM, includes four internal memory banks, each com-
posed of 4096 rows and 512 columns. This SDRAM may be
operated at 125MHz, with a precharge latency of 3 cycles
(24ns) and a row access latency of 3 cycles (24ns). Pipe-
lined column accesses that transfer 16 bits may issue at the
rate of one per cycle (8ns), yielding a peak transfer rate of
250MB/s. However, it is difficult to achieve this rate on
non-sequential access patterns for several reasons. A bank
cannot be accessed during the precharge/activate latency, a
single cycle of high impedance is required on the data pins
when switching between read and write column accesses,
and a single set of address lines is shared by all DRAM
operations (bank precharge, row activation, and column
access). The amount of bank parallelism that is exploited
and the number of column accesses that are made per row
access dictate the sustainable memory bandwidth out of
such a DRAM, as illustrated in Figure 1 of the Introduction.

A memory access scheduler must generate a schedule that
conforms to the timing and resource constraints of these
modern DRAMs. Figure 3 illustrates these constraints for
the NEC SDRAM with a simplified bank state diagram and
a table of operation resource utilization. Each DRAM oper-
ation makes different demands on the three DRAM
resources: the internal banks, a single set of address lines,
and a single set of data lines. The scheduler must ensure that

Figure 1. Time to complete a series of memory references without (A) and with (B) access reordering.
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Abstract

The bandwidth and latency of a memory system are strongly

dependent on the manner in which accesses interact with
the “3-D” structure of banks, rows, and columns character-

istic of contemporary DRAM chips. There is nearly an order

of magnitude difference in bandwidth between successive

references to different columns within a row and different

rows within a bank. This paper introduces memory access
scheduling, a technique that improves the performance of a
memory system by reordering memory references to exploit

locality within the 3-D memory structure. Conservative

reordering, in which the first ready reference in a sequence

is performed, improves bandwidth by 40% for traces from

five media benchmarks. Aggressive reordering, in which

operations are scheduled to optimize memory bandwidth,
improves bandwidth by 93% for the same set of applica-

tions. Memory access scheduling is particularly important

for media processors where it enables the processor to make

the most efficient use of scarce memory bandwidth.

1  Introduction

Modern computer systems are becoming increasingly lim-
ited by memory performance. While processor performance
increases at a rate of 60% per year, the bandwidth of a mem-
ory chip increases by only 10% per year making it costly to
provide the memory bandwidth required to match the pro-
cessor performance [14] [17]. The memory bandwidth bot-
tleneck is even more acute for media processors with
streaming memory reference patterns that do not cache well.
Without an effective cache to reduce the bandwidth
demands on main memory, these media processors are more

often limited by memory system bandwidth than other com-
puter systems.

To maximize memory bandwidth, modern DRAM compo-
nents allow pipelining of memory accesses, provide several
independent memory banks, and cache the most recently
accessed row of each bank. While these features increase
the peak supplied memory bandwidth, they also make the
performance of the DRAM highly dependent on the access
pattern. Modern DRAMs are not truly random access
devices (equal access time to all locations) but rather are
three-dimensional memory devices with dimensions of
bank, row, and column. Sequential accesses to different
rows within one bank have high latency and cannot be pipe-
lined, while accesses to different banks or different words
within a single row have low latency and can be pipelined.

The three-dimensional nature of modern memory devices
makes it advantageous to reorder memory operations to
exploit the non-uniform access times of the DRAM. This
optimization is similar to how a superscalar processor
schedules arithmetic operations out of order. As with a
superscalar processor, the semantics of sequential execution
are preserved by reordering the results.

This paper introduces memory access scheduling in which
DRAM operations are scheduled, possibly completing
memory references out of order, to optimize memory sys-
tem performance. The several memory access scheduling
strategies introduced in this paper increase the sustained
memory bandwidth of a system by up to 144% over a sys-
tem with no access scheduling when applied to realistic syn-
thetic benchmarks. Media processing applications exhibit a
30% improvement in sustained memory bandwidth with
memory access scheduling, and the traces of these applica-
tions offer a potential bandwidth improvement of up to
93%.

To see the advantage of memory access scheduling, con-
sider the sequence of eight memory operations shown in
Figure 1A. Each reference is represented by the triple (bank,
row, column). Suppose we have a memory system utilizing
a DRAM that requires 3 cycles to precharge a bank, 3 cycles
to access a row of a bank, and 1 cycle to access a column of
a row. Once a row has been accessed, a new column access
can issue each cycle until the bank is precharged. If these
eight references are performed in order, each requires a pre-
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NOTE: 1. For this example, the burst length = 1, the CAS latency = 2, and the READ burst is followed by a “manual”
PRECHARGE.
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3. PRECHARGE command not allowed or tRAS would be violated.

*CAS latency indicated in parentheses.

-7E -75 -8E
SYMBOL* MIN MAX MIN MAX MIN MAX UNITS
tCMH 0.8 0.8 1 ns
tCMS 1.5 1.5 2 ns
tHZ(3) 5.4 5.4 6 ns
tHZ(2) 5.4 6 6 ns
tLZ 1 1 1 ns
tOH 3 3 3 ns
tRAS 37 120,000 44 120,000 50 120,000 ns
tRC 60 66 70 ns
tRCD 15 20 20 ns
tRP 15 20 20 ns

TIMING PARAMETERS
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tAC (3) 5.4 5.4 6 ns
tAC (2) 5.4 6 6 ns
tAH 0.8 0.8 1 ns
tAS 1.5 1.5 2 ns
tCH 2.5 2.5 3 ns
tCL 2.5 2.5 3 ns
tCK (3) 7 7.5 8 ns
tCK (2) 7.5 10 10 ns
tCKH 0.8 0.8 1 ns
tCKS 1.5 1.5 2 ns
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the required resources are available for each DRAM opera-
tion it schedules.

Each DRAM bank has two stable states: IDLE and ACTIVE,
as shown in Figure 3A. In the IDLE state, the DRAM is pre-
charged and ready for a row access. It will remain in this
state until a row activate operation is issued to the bank. To
issue a row activation, the address lines must be used to
select the bank and the row being activated, as shown in
Figure 3B. Row activation requires 3 cycles, during which
no other operations may be issued to that bank, as indicated
by the utilization of the bank resource for the duration of the
operation. During that time, however, operations may be
issued to other banks of the DRAM. Once the DRAM’s row
activation latency has passed, the bank enters the ACTIVE

state, during which the contents of the selected row are held
in the bank’s row buffer. Any number of pipelined column
accesses may be performed while the bank is in the ACTIVE

state. To issue either a read or write column access, the
address lines are required to indicate the bank and the col-
umn of the active row in that bank. A write column access
requires the data to be transferred to the DRAM at the time
of issue, whereas a read column access returns the requested
data three cycles later. Additional timing constraints not
shown in Figure 3, such as a required cycle of high imped-
ance between reads and writes, may further restrict the use
of the data pins.

The bank will remain in the ACTIVE state until a precharge
operation is issued to return it to the IDLE state. The pre-
charge operation requires the use of the address lines to
indicate the bank which is to be precharged. Like row acti-
vation, the precharge operation utilizes the bank resource
for 3 cycles, during which no new operations may be issued
to that bank. Again, operations may be issued to other banks
during this time. After the DRAM’s precharge latency, the
bank is returned to the IDLE state and is ready for a new row
activation operation. Frequently, there are also timing con-
straints that govern the minimum latency between a column
access and a subsequent precharge operation. DRAMs typi-

cally also support column accesses with automatic pre-
charge, which implicitly precharges the DRAM bank as
soon as possible after the column access.

The shared address and data resources serialize access to the
different DRAM banks. While the state machines for the
individual banks are independent, only a single bank can
perform a transition requiring a particular shared resource
each cycle. For many DRAMs, the bank, row, and column
addresses share a single set of lines. Hence, the scheduler
must arbitrate between precharge, row, and column opera-
tions that all need to use this single resource. Other
DRAMs, such as Direct Rambus DRAMs (DRDRAMs) [3],
provide separate row and column address lines (each with
their own associated bank address) so that column and row
accesses can be initiated simultaneously. To approach the
peak data rate with serialized resources, there must be
enough column accesses to each row to hide the precharge/
activate latencies of other banks. Whether or not this can be
achieved is dependent on the data reference patterns and the
order in which the DRAM is accessed to satisfy those refer-
ences. The need to hide the precharge/activate latency of the
banks in order to sustain high bandwidth cannot be elimi-
nated by any DRAM architecture without reducing the pre-
charge/activate latency, which would likely come at the cost
of decreased bandwidth or capacity, both of which are unde-
sirable.

Figure 2. Modern DRAM organization.
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3  Memory Access Scheduling

Memory access scheduling is the process of ordering the
DRAM operations (bank precharge, row activation, and col-
umn access) necessary to complete the set of currently
pending memory references. Throughout the paper, the term
operation denotes a command, such as a row activation or a
column access, issued by the memory controller to the
DRAM. Similarly, the term reference denotes a memory ref-
erence generated by the processor, such as a load or store to
a memory location. A single reference generates one or
more memory operations depending on the schedule.

Given a set of pending memory references, a memory
access scheduler may chose one or more row, column, or
precharge operations each cycle, subject to resource con-
straints, to advance one or more of the pending references.
The simplest, and most common, scheduling algorithm only
considers the oldest pending reference, so that references
are satisfied in the order that they arrive. If it is currently
possible to make progress on that reference by performing
some DRAM operation then the memory controller makes
the appropriate access. While this does not require a compli-
cated access scheduler in the memory controller, it is clearly
inefficient, as illustrated in Figure 1 of the Introduction.

If the DRAM is not ready for the operation required by the
oldest pending reference, or if that operation would leave
available resources idle, it makes sense to consider opera-
tions for other pending references. Figure 4 shows the struc-
ture of a more sophisticated access scheduler. As memory
references arrive, they are allocated storage space while
they await service from the memory access scheduler. In the
figure, references are initially sorted by DRAM bank. Each
pending reference is represented by six fields: valid (V),
load/store (L/S), address (Row and Col), data, and whatever
additional state is necessary for the scheduling algorithm.
Examples of state that can be accessed and modified by the
scheduler are the age of the reference and whether or not
that reference targets the currently active row. In practice,

the pending reference storage could be shared by all the
banks (with the addition of a bank address field) to allow
dynamic allocation of that storage at the cost of increased
logic complexity in the scheduler.

As shown in Figure 4, each bank has a precharge manager
and a row arbiter. The precharge manager simply decides
when its associated bank should be precharged. Similarly,
the row arbiter for each bank decides which row, if any,
should be activated when that bank is idle. A single column
arbiter is shared by all the banks. The column arbiter grants
the shared data line resources to a single column access out
of all the pending references to all of the banks. Finally, the
precharge managers, row arbiters, and column arbiter send
their selected operations to a single address arbiter which
grants the shared address resources to one or more of those
operations.

The precharge managers, row arbiters, and column arbiter
can use several different policies to select DRAM opera-
tions, as enumerated in Table 1. The combination of policies
used by these units, along with the address arbiter’s policy,
determines the memory access scheduling algorithm. The
address arbiter must decide which of the selected precharge,
activate, and column operations to perform subject to the
constraints of the address line resources. As with all of the
other scheduling decisions, the in-order or priority policies
can be used by the address arbiter to make this selection.
Additional policies that can be used are those that select pre-
charge operations first, row operations first, or column oper-
ations first. A column-first scheduling policy would reduce
the latency of references to active rows, whereas a pre-
charge-first or row-first scheduling policy would increase
the amount of bank parallelism.

If the address resources are not shared, it is possible for both
a precharge operation and a column access to the same bank
to be selected. This is likely to violate the timing constraints
of the DRAM. Ideally, this conflict can be handled by hav-
ing the column access automatically precharge the bank

Figure 4. Memory access scheduler architecture.
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Abstract

The bandwidth and latency of a memory system are strongly

dependent on the manner in which accesses interact with
the “3-D” structure of banks, rows, and columns character-

istic of contemporary DRAM chips. There is nearly an order

of magnitude difference in bandwidth between successive

references to different columns within a row and different

rows within a bank. This paper introduces memory access
scheduling, a technique that improves the performance of a
memory system by reordering memory references to exploit

locality within the 3-D memory structure. Conservative

reordering, in which the first ready reference in a sequence

is performed, improves bandwidth by 40% for traces from

five media benchmarks. Aggressive reordering, in which

operations are scheduled to optimize memory bandwidth,
improves bandwidth by 93% for the same set of applica-

tions. Memory access scheduling is particularly important

for media processors where it enables the processor to make

the most efficient use of scarce memory bandwidth.

1  Introduction

Modern computer systems are becoming increasingly lim-
ited by memory performance. While processor performance
increases at a rate of 60% per year, the bandwidth of a mem-
ory chip increases by only 10% per year making it costly to
provide the memory bandwidth required to match the pro-
cessor performance [14] [17]. The memory bandwidth bot-
tleneck is even more acute for media processors with
streaming memory reference patterns that do not cache well.
Without an effective cache to reduce the bandwidth
demands on main memory, these media processors are more

often limited by memory system bandwidth than other com-
puter systems.

To maximize memory bandwidth, modern DRAM compo-
nents allow pipelining of memory accesses, provide several
independent memory banks, and cache the most recently
accessed row of each bank. While these features increase
the peak supplied memory bandwidth, they also make the
performance of the DRAM highly dependent on the access
pattern. Modern DRAMs are not truly random access
devices (equal access time to all locations) but rather are
three-dimensional memory devices with dimensions of
bank, row, and column. Sequential accesses to different
rows within one bank have high latency and cannot be pipe-
lined, while accesses to different banks or different words
within a single row have low latency and can be pipelined.

The three-dimensional nature of modern memory devices
makes it advantageous to reorder memory operations to
exploit the non-uniform access times of the DRAM. This
optimization is similar to how a superscalar processor
schedules arithmetic operations out of order. As with a
superscalar processor, the semantics of sequential execution
are preserved by reordering the results.

This paper introduces memory access scheduling in which
DRAM operations are scheduled, possibly completing
memory references out of order, to optimize memory sys-
tem performance. The several memory access scheduling
strategies introduced in this paper increase the sustained
memory bandwidth of a system by up to 144% over a sys-
tem with no access scheduling when applied to realistic syn-
thetic benchmarks. Media processing applications exhibit a
30% improvement in sustained memory bandwidth with
memory access scheduling, and the traces of these applica-
tions offer a potential bandwidth improvement of up to
93%.

To see the advantage of memory access scheduling, con-
sider the sequence of eight memory operations shown in
Figure 1A. Each reference is represented by the triple (bank,
row, column). Suppose we have a memory system utilizing
a DRAM that requires 3 cycles to precharge a bank, 3 cycles
to access a row of a bank, and 1 cycle to access a column of
a row. Once a row has been accessed, a new column access
can issue each cycle until the bank is precharged. If these
eight references are performed in order, each requires a pre-
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the Massachusetts Institute of Technology.

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that
copies are not made or distributed for profit or commercial advantage
and that copies bear this notice and the full citation on the first
page. To copy otherwise, to republish, to post on servers or to
redistribute to lists, requires prior specific permission and/or a fee. 
ISCA 00 Vancouver, British Columbia Canada 
Copyright (c) 2000 ACM 1-58113-287-5/00/06-128 $5.00

128

From:

Set scheduling algorithms in gates ...

41



UC Regents Fall 2009 © UCBCS 250 L11:  DRAM

Parallelism-Aware Batch Scheduling:
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Abstract
In a chip-multiprocessor (CMP) system, the DRAM system is

shared among cores. In a shared DRAM system, requests from a
thread can not only delay requests from other threads by causing
bank/bus/row-buffer conflicts but they can also destroy other threads’
DRAM-bank-level parallelism. Requests whose latencies would oth-
erwise have been overlapped could effectively become serialized. As a
result both fairness and system throughput degrade, and some threads
can starve for long time periods.

This paper proposes a fundamentally new approach to designing
a shared DRAM controller that provides quality of service to threads,
while also improving system throughput. Our parallelism-aware batch
scheduler (PAR-BS) design is based on two key ideas. First, PAR-
BS processes DRAM requests in batches to provide fairness and to
avoid starvation of requests. Second, to optimize system through-
put, PAR-BS employs a parallelism-aware DRAM scheduling policy
that aims to process requests from a thread in parallel in the DRAM
banks, thereby reducing the memory-related stall-time experienced by
the thread. PAR-BS seamlessly incorporates support for system-level
thread priorities and can provide different service levels, including
purely opportunistic service, to threads with different priorities.

We evaluate the design trade-offs involved in PAR-BS and compare
it to four previously proposed DRAM scheduler designs on 4-, 8-, and
16-core systems. Our evaluations show that, averaged over 100 4-core
workloads, PAR-BS improves fairness by 1.11X and system throughput
by 8.3% compared to the best previous scheduling technique, Stall-
Time Fair Memory (STFM) scheduling. Based on simple request pri-
oritization rules, PAR-BS is also simpler to implement than STFM.

1. Introduction
The DRAM memory system is a major shared resource among

multiple processing cores in a chip multiprocessor (CMP) system.
When accessing this shared resource, different threads running on dif-
ferent cores can delay each other because accesses from one thread
can cause additional DRAM bank conflicts, row-buffer conflicts, and
data/address bus conflicts to accesses from another thread. In addi-
tion, as we show in this paper, inter-thread interference can destroy the
bank-level access parallelism of individual threads. Memory requests
whose latencies would otherwise have been largely overlapped effec-
tively become serialized, which can significantly degrade a thread’s
performance. Moreover, some threads can be unfairly prioritized,
while other –perhaps more important– threads can be starved for long
time periods.

Such negative effects of uncontrolled inter-thread interference in
the DRAM memory system are crucial impediments to building vi-
able, scalable, and controllable CMP systems as they can result in 1)
low system performance and vulnerability to denial of service [22, 41],
2) unpredictable program performance, which renders performance
analysis, optimization, and isolation extremely difficult [28, 22, 25],
3) significant discomfort to the end user who naturally expects threads
with higher (equal) priorities to get higher (equal) shares of the system
performance. As the number of cores on a chip increases, the pressure
on the DRAM system will also increase and both the performance and
fairness provided by the DRAM system will become critical deter-
minants of the performance of future CMP platforms. Therefore, to
enable viable, scalable, and predictable CMP systems, fair and high-
performance memory access scheduling techniques that control and
minimize inter-thread interference are necessary [28, 22, 25].

In this paper, we propose a new approach to providing fair and
high-performance DRAM scheduling. Our scheduling algorithm,
called parallelism-aware batch scheduling (PAR-BS), is based on
two new key ideas: request batching and parallelism-aware DRAM
scheduling. First, PAR-BS operates by grouping a limited number of

DRAM requests into batches based on their arrival time and request-
ing threads. The requests from the oldest batch are prioritized and
therefore guaranteed to be serviced before other requests. As such,
PAR-BS is fair and starvation-free: it prevents any thread from being
starved in the DRAM system due to interference from other, poten-
tially aggressive threads. Second, within a batch of requests, PAR-BS
is parallelism-aware: it strives to preserve bank-level access paral-
lelism (i.e., the degree to which a thread’s DRAM requests are ser-
viced in parallel in different DRAM banks) of each thread in the pres-
ence of interference from other threads’ DRAM requests.1 It does so
by trying to group requests from a thread and service them concur-
rently (as long as they access different banks) using heuristic-based
prioritization rules. As such, our approach reduces the serialization of
a thread’s requests that would otherwise have been serviced in parallel
had the thread been running alone in the memory system.

We show that the request batching component of PAR-BS is a gen-
eral framework that provides fairness and starvation freedom in the
presence of inter-thread interference. Within a batch of DRAM re-
quests, any existing and future DRAM access scheduling algorithm
(e.g., those proposed in [44, 33, 32, 28, 25]) can be implemented.
However, our results show that using our proposed parallelism-aware
scheduling algorithm provides the best fairness as well as system
throughput. We describe how PAR-BS operates within a batch and
analyze the complex trade-offs involved in batching and parallelism-
aware scheduling in terms of fairness, DRAM throughput, row-buffer
locality exploitation, and individual threads’ bank-level access paral-
lelism. We also describe how the system software can control PAR-BS
to enforce thread priorities and change the level of desired fairness in
the DRAM system.

Our experiments compare PAR-BS qualitatively and quantitatively
to four previously proposed DRAM scheduling techniques, including
the recently-proposed QoS-aware Network Fair Queueing based [28]
(NFQ) and Stall-Time Fair [25] (STFM) memory access schedulers,
as well as the commonly used first-ready first-come-first-serve (FR-
FCFS) scheduler [44, 33]. None of these schedulers try to preserve
individual threads’ bank-level parallelism or strictly guarantee short-
term starvation freedom in the presence of inter-thread interference.
Our results on a very wide variety of workloads and CMP system con-
figurations show that PAR-BS provides the best fairness and system
throughput.
Contributions: We make the following contributions in this paper:
• We show that inter-thread interference can destroy bank-level par-

allelism of individual threads, leading to significant degradation
in system throughput. We introduce a novel parallelism-aware
DRAM scheduling policy that maintains the bank-level parallelism
of individual threads while also respecting row-buffer locality.

• We introduce the concept of request batching in shared DRAM
schedulers as a general framework to provide fairness/QoS across
threads and starvation freedom to DRAM requests. We show that
request batching is orthogonal to and can be employed with ex-
isting DRAM access scheduling algorithms, but it is most benefi-
cial when applied with parallelism-aware scheduling. We describe
how the system software can control the flexible fairness substrate
provided by request batching to enforce thread priorities and to
control the unfairness in the DRAM system.

1In this paper, we refer to the bank-level parallelism of a thread as intra-
thread bank-level parallelism. We use the terms bank-level parallelism and
bank-parallelism interchangeably. A quantifiable definition of bank-parallelism
is provided in Section 7.
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(a) Arrival order (and FCFS schedule) (b) FR-FCFS schedule (c) PAR-BS schedule
FCFS schedule batch-completion (stall) times FR-FCFS schedule batch-completion (stall) times PAR-BS schedule batch-completion (stall) times

Thread 1 Thread 2 Thread 3 Thread 4 AVG Thread 1 Thread 2 Thread 3 Thread 4 AVG Thread 1 Thread 2 Thread 3 Thread 4 AVG
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Figure 3. A simplified abstraction of scheduling within a batch containing requests from 4 threads. Rectangles represent marked requests from different threads;
bottom-most requests are the oldest requests for the bank. Those requests that affect or result in row-hits are marked with the row number they access; if two
requests to the same row are serviced consecutively, the second request is a row-hit with smaller access latency. The first request to each bank is assumed to be a
row-conflict.

marked requests going to the same bank and hence can be finished fast.
By prioritizing requests from such high-ranked threads within a batch,
PAR-BS ensures that non-intensive threads or threads with high bank-
parallelism make fast progress and are not delayed unnecessarily long.

Example: Figure 3 shows an example that provides insight into
why our proposed within-batch prioritization scheme preserves intra-
thread bank-parallelism and improves system throughput. The fig-
ure abstracts away many details of DRAM scheduling8 but provides
a framework for understanding the parallelism and locality trade-offs.
We assume a latency unit of 1 for row-conflict requests and 0.5 for
row-hit requests. Figure 3(a) depicts the arrival order of requests in
each bank, which is equivalent to their service order with an FCFS
scheduler. FCFS neither exploits locality nor preserves intra-thread
bank-parallelism and therefore results in the largest average com-
pletion time of the four threads (5 latency units). FR-FCFS maxi-
mizes row-buffer hit rates by reordering row-hit requests over others,
but as shown in Figure 3(b), it does not preserve intra-thread bank-
parallelism. For example, although Thread 1 has only three requests
that are all intended for different banks, FR-FCFS services all three
requests sequentially. Depending on the history of memory requests,
the schedule shown in Figure 3(b) for FR-FCFS is also a possible ex-
ecution scenario when using the QoS-aware NFQ [28] or STFM [25]
schedulers since those schedulers are unaware of intra-thread bank-
parallelism.

Figure 3(c) shows how PAR operates within a batch. Thread 1 has
at most one request per bank (resulting in the lowest max-bank-load
of 1) and is therefore ranked highest in this batch. Both Threads 2
and 3 have a max-bank-load of two, but since Thread 2 has fewer total
number of requests, it is ranked above Thread 3. Thread 4 is ranked
the lowest because it has a max-bank-load of 5. As Thread 1 is ranked
highest, its three requests are scheduled perfectly in parallel, before
other requests. Similarly, Thread 2’s requests are scheduled as much in
parallel as possible. As a result, PAR maximizes the bank-parallelism
of non-intensive threads and finishes their requests as quickly as pos-
sible, allowing the corresponding cores to make fast progress. Com-
pared to FR-FCFS or FCFS, PAR significantly speeds up Threads 1,
2, and 3 while not substantially slowing down Thread 4. The average
completion time is reduced to 3.125 latency units.

Notice that in addition to good bank-parallelism, our proposal
achieves as good a row-buffer locality as FR-FCFS within a batch,
because within a batch PAR-BS always prioritizes marked row-hit re-
quests over row-conflict requests.9

8Such as DRAM data/address/command bus contention and complex inter-
actions between timing constraints.

9However, this might not be the case across batches. PAR-BS can reduce
locality at batch boundaries because marked requests are prioritized over row-
hit requests. This locality reduction depends on how large Marking-Cap is.
Section 8.3 evaluates the trade-offs related to Marking-Cap.

4.3. Advantages, Disadvantages, Trade-offs
Request Batching component of our proposal has the following

major advantages:
• Fairness and Starvation Avoidance: Batching guarantees the ab-

sence of short-term or long-term starvation: every thread can make
progress in every batch, regardless of the memory access patterns
of other threads.10 The number of requests from a thread sched-
uled before requests of another thread is strictly bounded with the
size of a batch. Apart from FCFS, no existing scheduler provides
a similar notion of starvation avoidance. In FR-FCFS, a memory-
intensive thread with excellent row-buffer locality can capture a
bank for a long time, if it can issue a large number of row-hit re-
quests to the same bank in succession. Depending on the history
of access patterns, short-term starvation is also possible in NFQ
and STFM, especially due to the idleness and bank access balance
problems [25] associated with NFQ and inaccurate slowdown es-
timates in STFM [25]. In PAR-BS, memory-intensive threads are
unable to delay requests from non-intensive ones for a long time.

• Substrate for Exploiting Bank Parallelism: Batching enables
the use of highly efficient within-batch scheduling policies (such as
PAR). Without batches (or any similar notion of groups of requests
in time), devising a parallelism-aware scheduler is difficult as it is
unclear within what context bank-parallelism should be optimized.

• Flexibility and Simple Implementation: While most beneficial
in combination with PAR, the idea of batching can be used in com-
bination with any existing or future DRAM command scheduling
policy. Batching thus constitutes a simple and flexible framework
that can be used to enhance the fairness of existing scheduling al-
gorithms. We explore the performance and fairness of using FCFS
and FR-FCFS policies within a batch in Section 8.3.3.

A possible disadvantage of our scheme is that it requires careful
determination of Marking-Cap. If Marking-Cap is large, PAR-
BS could suffer from similar unfairness problems as FR-FCFS, al-
though not to the same extent. If a non-memory-intensive thread is-
sues a request that just misses the formation of a new batch, the re-
quest has to wait until all requests from the current batch to the same
bank are serviced, which slows down the non-intensive thread. On the
other hand, a small Marking-Cap can slow down memory-intensive
threads, since at most Marking-Cap requests per thread and per
bank are included in a batch, the remaining ones being postponed
to the next batch. There is a second important downside to having
small batches: the lower the Marking-Cap, the lower the row-buffer
hit rate of threads with high inherent row-buffer locality. Across a
batch boundary, a marked row-conflict request is prioritized over an
unmarked row-hit request. The smaller the batches (the smaller the
Marking-Cap), the more frequently a stream of row-hit accesses

10Starvation freedom of “batched (or grouped) scheduling” was proven for-
mally within the context of disk scheduling [7].
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Figure 3. A simplified abstraction of scheduling within a batch containing requests from 4 threads. Rectangles represent marked requests from different threads;
bottom-most requests are the oldest requests for the bank. Those requests that affect or result in row-hits are marked with the row number they access; if two
requests to the same row are serviced consecutively, the second request is a row-hit with smaller access latency. The first request to each bank is assumed to be a
row-conflict.

marked requests going to the same bank and hence can be finished fast.
By prioritizing requests from such high-ranked threads within a batch,
PAR-BS ensures that non-intensive threads or threads with high bank-
parallelism make fast progress and are not delayed unnecessarily long.

Example: Figure 3 shows an example that provides insight into
why our proposed within-batch prioritization scheme preserves intra-
thread bank-parallelism and improves system throughput. The fig-
ure abstracts away many details of DRAM scheduling8 but provides
a framework for understanding the parallelism and locality trade-offs.
We assume a latency unit of 1 for row-conflict requests and 0.5 for
row-hit requests. Figure 3(a) depicts the arrival order of requests in
each bank, which is equivalent to their service order with an FCFS
scheduler. FCFS neither exploits locality nor preserves intra-thread
bank-parallelism and therefore results in the largest average com-
pletion time of the four threads (5 latency units). FR-FCFS maxi-
mizes row-buffer hit rates by reordering row-hit requests over others,
but as shown in Figure 3(b), it does not preserve intra-thread bank-
parallelism. For example, although Thread 1 has only three requests
that are all intended for different banks, FR-FCFS services all three
requests sequentially. Depending on the history of memory requests,
the schedule shown in Figure 3(b) for FR-FCFS is also a possible ex-
ecution scenario when using the QoS-aware NFQ [28] or STFM [25]
schedulers since those schedulers are unaware of intra-thread bank-
parallelism.

Figure 3(c) shows how PAR operates within a batch. Thread 1 has
at most one request per bank (resulting in the lowest max-bank-load
of 1) and is therefore ranked highest in this batch. Both Threads 2
and 3 have a max-bank-load of two, but since Thread 2 has fewer total
number of requests, it is ranked above Thread 3. Thread 4 is ranked
the lowest because it has a max-bank-load of 5. As Thread 1 is ranked
highest, its three requests are scheduled perfectly in parallel, before
other requests. Similarly, Thread 2’s requests are scheduled as much in
parallel as possible. As a result, PAR maximizes the bank-parallelism
of non-intensive threads and finishes their requests as quickly as pos-
sible, allowing the corresponding cores to make fast progress. Com-
pared to FR-FCFS or FCFS, PAR significantly speeds up Threads 1,
2, and 3 while not substantially slowing down Thread 4. The average
completion time is reduced to 3.125 latency units.

Notice that in addition to good bank-parallelism, our proposal
achieves as good a row-buffer locality as FR-FCFS within a batch,
because within a batch PAR-BS always prioritizes marked row-hit re-
quests over row-conflict requests.9

8Such as DRAM data/address/command bus contention and complex inter-
actions between timing constraints.

9However, this might not be the case across batches. PAR-BS can reduce
locality at batch boundaries because marked requests are prioritized over row-
hit requests. This locality reduction depends on how large Marking-Cap is.
Section 8.3 evaluates the trade-offs related to Marking-Cap.

4.3. Advantages, Disadvantages, Trade-offs
Request Batching component of our proposal has the following

major advantages:
• Fairness and Starvation Avoidance: Batching guarantees the ab-

sence of short-term or long-term starvation: every thread can make
progress in every batch, regardless of the memory access patterns
of other threads.10 The number of requests from a thread sched-
uled before requests of another thread is strictly bounded with the
size of a batch. Apart from FCFS, no existing scheduler provides
a similar notion of starvation avoidance. In FR-FCFS, a memory-
intensive thread with excellent row-buffer locality can capture a
bank for a long time, if it can issue a large number of row-hit re-
quests to the same bank in succession. Depending on the history
of access patterns, short-term starvation is also possible in NFQ
and STFM, especially due to the idleness and bank access balance
problems [25] associated with NFQ and inaccurate slowdown es-
timates in STFM [25]. In PAR-BS, memory-intensive threads are
unable to delay requests from non-intensive ones for a long time.

• Substrate for Exploiting Bank Parallelism: Batching enables
the use of highly efficient within-batch scheduling policies (such as
PAR). Without batches (or any similar notion of groups of requests
in time), devising a parallelism-aware scheduler is difficult as it is
unclear within what context bank-parallelism should be optimized.

• Flexibility and Simple Implementation: While most beneficial
in combination with PAR, the idea of batching can be used in com-
bination with any existing or future DRAM command scheduling
policy. Batching thus constitutes a simple and flexible framework
that can be used to enhance the fairness of existing scheduling al-
gorithms. We explore the performance and fairness of using FCFS
and FR-FCFS policies within a batch in Section 8.3.3.

A possible disadvantage of our scheme is that it requires careful
determination of Marking-Cap. If Marking-Cap is large, PAR-
BS could suffer from similar unfairness problems as FR-FCFS, al-
though not to the same extent. If a non-memory-intensive thread is-
sues a request that just misses the formation of a new batch, the re-
quest has to wait until all requests from the current batch to the same
bank are serviced, which slows down the non-intensive thread. On the
other hand, a small Marking-Cap can slow down memory-intensive
threads, since at most Marking-Cap requests per thread and per
bank are included in a batch, the remaining ones being postponed
to the next batch. There is a second important downside to having
small batches: the lower the Marking-Cap, the lower the row-buffer
hit rate of threads with high inherent row-buffer locality. Across a
batch boundary, a marked row-conflict request is prioritized over an
unmarked row-hit request. The smaller the batches (the smaller the
Marking-Cap), the more frequently a stream of row-hit accesses
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By prioritizing requests from such high-ranked threads within a batch,
PAR-BS ensures that non-intensive threads or threads with high bank-
parallelism make fast progress and are not delayed unnecessarily long.

Example: Figure 3 shows an example that provides insight into
why our proposed within-batch prioritization scheme preserves intra-
thread bank-parallelism and improves system throughput. The fig-
ure abstracts away many details of DRAM scheduling8 but provides
a framework for understanding the parallelism and locality trade-offs.
We assume a latency unit of 1 for row-conflict requests and 0.5 for
row-hit requests. Figure 3(a) depicts the arrival order of requests in
each bank, which is equivalent to their service order with an FCFS
scheduler. FCFS neither exploits locality nor preserves intra-thread
bank-parallelism and therefore results in the largest average com-
pletion time of the four threads (5 latency units). FR-FCFS maxi-
mizes row-buffer hit rates by reordering row-hit requests over others,
but as shown in Figure 3(b), it does not preserve intra-thread bank-
parallelism. For example, although Thread 1 has only three requests
that are all intended for different banks, FR-FCFS services all three
requests sequentially. Depending on the history of memory requests,
the schedule shown in Figure 3(b) for FR-FCFS is also a possible ex-
ecution scenario when using the QoS-aware NFQ [28] or STFM [25]
schedulers since those schedulers are unaware of intra-thread bank-
parallelism.

Figure 3(c) shows how PAR operates within a batch. Thread 1 has
at most one request per bank (resulting in the lowest max-bank-load
of 1) and is therefore ranked highest in this batch. Both Threads 2
and 3 have a max-bank-load of two, but since Thread 2 has fewer total
number of requests, it is ranked above Thread 3. Thread 4 is ranked
the lowest because it has a max-bank-load of 5. As Thread 1 is ranked
highest, its three requests are scheduled perfectly in parallel, before
other requests. Similarly, Thread 2’s requests are scheduled as much in
parallel as possible. As a result, PAR maximizes the bank-parallelism
of non-intensive threads and finishes their requests as quickly as pos-
sible, allowing the corresponding cores to make fast progress. Com-
pared to FR-FCFS or FCFS, PAR significantly speeds up Threads 1,
2, and 3 while not substantially slowing down Thread 4. The average
completion time is reduced to 3.125 latency units.

Notice that in addition to good bank-parallelism, our proposal
achieves as good a row-buffer locality as FR-FCFS within a batch,
because within a batch PAR-BS always prioritizes marked row-hit re-
quests over row-conflict requests.9
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9However, this might not be the case across batches. PAR-BS can reduce
locality at batch boundaries because marked requests are prioritized over row-
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size of a batch. Apart from FCFS, no existing scheduler provides
a similar notion of starvation avoidance. In FR-FCFS, a memory-
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bank for a long time, if it can issue a large number of row-hit re-
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and STFM, especially due to the idleness and bank access balance
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in time), devising a parallelism-aware scheduler is difficult as it is
unclear within what context bank-parallelism should be optimized.

• Flexibility and Simple Implementation: While most beneficial
in combination with PAR, the idea of batching can be used in com-
bination with any existing or future DRAM command scheduling
policy. Batching thus constitutes a simple and flexible framework
that can be used to enhance the fairness of existing scheduling al-
gorithms. We explore the performance and fairness of using FCFS
and FR-FCFS policies within a batch in Section 8.3.3.

A possible disadvantage of our scheme is that it requires careful
determination of Marking-Cap. If Marking-Cap is large, PAR-
BS could suffer from similar unfairness problems as FR-FCFS, al-
though not to the same extent. If a non-memory-intensive thread is-
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quest has to wait until all requests from the current batch to the same
bank are serviced, which slows down the non-intensive thread. On the
other hand, a small Marking-Cap can slow down memory-intensive
threads, since at most Marking-Cap requests per thread and per
bank are included in a batch, the remaining ones being postponed
to the next batch. There is a second important downside to having
small batches: the lower the Marking-Cap, the lower the row-buffer
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marked requests going to the same bank and hence can be finished fast.
By prioritizing requests from such high-ranked threads within a batch,
PAR-BS ensures that non-intensive threads or threads with high bank-
parallelism make fast progress and are not delayed unnecessarily long.

Example: Figure 3 shows an example that provides insight into
why our proposed within-batch prioritization scheme preserves intra-
thread bank-parallelism and improves system throughput. The fig-
ure abstracts away many details of DRAM scheduling8 but provides
a framework for understanding the parallelism and locality trade-offs.
We assume a latency unit of 1 for row-conflict requests and 0.5 for
row-hit requests. Figure 3(a) depicts the arrival order of requests in
each bank, which is equivalent to their service order with an FCFS
scheduler. FCFS neither exploits locality nor preserves intra-thread
bank-parallelism and therefore results in the largest average com-
pletion time of the four threads (5 latency units). FR-FCFS maxi-
mizes row-buffer hit rates by reordering row-hit requests over others,
but as shown in Figure 3(b), it does not preserve intra-thread bank-
parallelism. For example, although Thread 1 has only three requests
that are all intended for different banks, FR-FCFS services all three
requests sequentially. Depending on the history of memory requests,
the schedule shown in Figure 3(b) for FR-FCFS is also a possible ex-
ecution scenario when using the QoS-aware NFQ [28] or STFM [25]
schedulers since those schedulers are unaware of intra-thread bank-
parallelism.

Figure 3(c) shows how PAR operates within a batch. Thread 1 has
at most one request per bank (resulting in the lowest max-bank-load
of 1) and is therefore ranked highest in this batch. Both Threads 2
and 3 have a max-bank-load of two, but since Thread 2 has fewer total
number of requests, it is ranked above Thread 3. Thread 4 is ranked
the lowest because it has a max-bank-load of 5. As Thread 1 is ranked
highest, its three requests are scheduled perfectly in parallel, before
other requests. Similarly, Thread 2’s requests are scheduled as much in
parallel as possible. As a result, PAR maximizes the bank-parallelism
of non-intensive threads and finishes their requests as quickly as pos-
sible, allowing the corresponding cores to make fast progress. Com-
pared to FR-FCFS or FCFS, PAR significantly speeds up Threads 1,
2, and 3 while not substantially slowing down Thread 4. The average
completion time is reduced to 3.125 latency units.

Notice that in addition to good bank-parallelism, our proposal
achieves as good a row-buffer locality as FR-FCFS within a batch,
because within a batch PAR-BS always prioritizes marked row-hit re-
quests over row-conflict requests.9

8Such as DRAM data/address/command bus contention and complex inter-
actions between timing constraints.

9However, this might not be the case across batches. PAR-BS can reduce
locality at batch boundaries because marked requests are prioritized over row-
hit requests. This locality reduction depends on how large Marking-Cap is.
Section 8.3 evaluates the trade-offs related to Marking-Cap.

4.3. Advantages, Disadvantages, Trade-offs
Request Batching component of our proposal has the following

major advantages:
• Fairness and Starvation Avoidance: Batching guarantees the ab-

sence of short-term or long-term starvation: every thread can make
progress in every batch, regardless of the memory access patterns
of other threads.10 The number of requests from a thread sched-
uled before requests of another thread is strictly bounded with the
size of a batch. Apart from FCFS, no existing scheduler provides
a similar notion of starvation avoidance. In FR-FCFS, a memory-
intensive thread with excellent row-buffer locality can capture a
bank for a long time, if it can issue a large number of row-hit re-
quests to the same bank in succession. Depending on the history
of access patterns, short-term starvation is also possible in NFQ
and STFM, especially due to the idleness and bank access balance
problems [25] associated with NFQ and inaccurate slowdown es-
timates in STFM [25]. In PAR-BS, memory-intensive threads are
unable to delay requests from non-intensive ones for a long time.

• Substrate for Exploiting Bank Parallelism: Batching enables
the use of highly efficient within-batch scheduling policies (such as
PAR). Without batches (or any similar notion of groups of requests
in time), devising a parallelism-aware scheduler is difficult as it is
unclear within what context bank-parallelism should be optimized.

• Flexibility and Simple Implementation: While most beneficial
in combination with PAR, the idea of batching can be used in com-
bination with any existing or future DRAM command scheduling
policy. Batching thus constitutes a simple and flexible framework
that can be used to enhance the fairness of existing scheduling al-
gorithms. We explore the performance and fairness of using FCFS
and FR-FCFS policies within a batch in Section 8.3.3.

A possible disadvantage of our scheme is that it requires careful
determination of Marking-Cap. If Marking-Cap is large, PAR-
BS could suffer from similar unfairness problems as FR-FCFS, al-
though not to the same extent. If a non-memory-intensive thread is-
sues a request that just misses the formation of a new batch, the re-
quest has to wait until all requests from the current batch to the same
bank are serviced, which slows down the non-intensive thread. On the
other hand, a small Marking-Cap can slow down memory-intensive
threads, since at most Marking-Cap requests per thread and per
bank are included in a batch, the remaining ones being postponed
to the next batch. There is a second important downside to having
small batches: the lower the Marking-Cap, the lower the row-buffer
hit rate of threads with high inherent row-buffer locality. Across a
batch boundary, a marked row-conflict request is prioritized over an
unmarked row-hit request. The smaller the batches (the smaller the
Marking-Cap), the more frequently a stream of row-hit accesses

10Starvation freedom of “batched (or grouped) scheduling” was proven for-
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marked requests going to the same bank and hence can be finished fast.
By prioritizing requests from such high-ranked threads within a batch,
PAR-BS ensures that non-intensive threads or threads with high bank-
parallelism make fast progress and are not delayed unnecessarily long.

Example: Figure 3 shows an example that provides insight into
why our proposed within-batch prioritization scheme preserves intra-
thread bank-parallelism and improves system throughput. The fig-
ure abstracts away many details of DRAM scheduling8 but provides
a framework for understanding the parallelism and locality trade-offs.
We assume a latency unit of 1 for row-conflict requests and 0.5 for
row-hit requests. Figure 3(a) depicts the arrival order of requests in
each bank, which is equivalent to their service order with an FCFS
scheduler. FCFS neither exploits locality nor preserves intra-thread
bank-parallelism and therefore results in the largest average com-
pletion time of the four threads (5 latency units). FR-FCFS maxi-
mizes row-buffer hit rates by reordering row-hit requests over others,
but as shown in Figure 3(b), it does not preserve intra-thread bank-
parallelism. For example, although Thread 1 has only three requests
that are all intended for different banks, FR-FCFS services all three
requests sequentially. Depending on the history of memory requests,
the schedule shown in Figure 3(b) for FR-FCFS is also a possible ex-
ecution scenario when using the QoS-aware NFQ [28] or STFM [25]
schedulers since those schedulers are unaware of intra-thread bank-
parallelism.

Figure 3(c) shows how PAR operates within a batch. Thread 1 has
at most one request per bank (resulting in the lowest max-bank-load
of 1) and is therefore ranked highest in this batch. Both Threads 2
and 3 have a max-bank-load of two, but since Thread 2 has fewer total
number of requests, it is ranked above Thread 3. Thread 4 is ranked
the lowest because it has a max-bank-load of 5. As Thread 1 is ranked
highest, its three requests are scheduled perfectly in parallel, before
other requests. Similarly, Thread 2’s requests are scheduled as much in
parallel as possible. As a result, PAR maximizes the bank-parallelism
of non-intensive threads and finishes their requests as quickly as pos-
sible, allowing the corresponding cores to make fast progress. Com-
pared to FR-FCFS or FCFS, PAR significantly speeds up Threads 1,
2, and 3 while not substantially slowing down Thread 4. The average
completion time is reduced to 3.125 latency units.

Notice that in addition to good bank-parallelism, our proposal
achieves as good a row-buffer locality as FR-FCFS within a batch,
because within a batch PAR-BS always prioritizes marked row-hit re-
quests over row-conflict requests.9

8Such as DRAM data/address/command bus contention and complex inter-
actions between timing constraints.

9However, this might not be the case across batches. PAR-BS can reduce
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size of a batch. Apart from FCFS, no existing scheduler provides
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of access patterns, short-term starvation is also possible in NFQ
and STFM, especially due to the idleness and bank access balance
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By prioritizing requests from such high-ranked threads within a batch,
PAR-BS ensures that non-intensive threads or threads with high bank-
parallelism make fast progress and are not delayed unnecessarily long.

Example: Figure 3 shows an example that provides insight into
why our proposed within-batch prioritization scheme preserves intra-
thread bank-parallelism and improves system throughput. The fig-
ure abstracts away many details of DRAM scheduling8 but provides
a framework for understanding the parallelism and locality trade-offs.
We assume a latency unit of 1 for row-conflict requests and 0.5 for
row-hit requests. Figure 3(a) depicts the arrival order of requests in
each bank, which is equivalent to their service order with an FCFS
scheduler. FCFS neither exploits locality nor preserves intra-thread
bank-parallelism and therefore results in the largest average com-
pletion time of the four threads (5 latency units). FR-FCFS maxi-
mizes row-buffer hit rates by reordering row-hit requests over others,
but as shown in Figure 3(b), it does not preserve intra-thread bank-
parallelism. For example, although Thread 1 has only three requests
that are all intended for different banks, FR-FCFS services all three
requests sequentially. Depending on the history of memory requests,
the schedule shown in Figure 3(b) for FR-FCFS is also a possible ex-
ecution scenario when using the QoS-aware NFQ [28] or STFM [25]
schedulers since those schedulers are unaware of intra-thread bank-
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Figure 3(c) shows how PAR operates within a batch. Thread 1 has
at most one request per bank (resulting in the lowest max-bank-load
of 1) and is therefore ranked highest in this batch. Both Threads 2
and 3 have a max-bank-load of two, but since Thread 2 has fewer total
number of requests, it is ranked above Thread 3. Thread 4 is ranked
the lowest because it has a max-bank-load of 5. As Thread 1 is ranked
highest, its three requests are scheduled perfectly in parallel, before
other requests. Similarly, Thread 2’s requests are scheduled as much in
parallel as possible. As a result, PAR maximizes the bank-parallelism
of non-intensive threads and finishes their requests as quickly as pos-
sible, allowing the corresponding cores to make fast progress. Com-
pared to FR-FCFS or FCFS, PAR significantly speeds up Threads 1,
2, and 3 while not substantially slowing down Thread 4. The average
completion time is reduced to 3.125 latency units.

Notice that in addition to good bank-parallelism, our proposal
achieves as good a row-buffer locality as FR-FCFS within a batch,
because within a batch PAR-BS always prioritizes marked row-hit re-
quests over row-conflict requests.9

8Such as DRAM data/address/command bus contention and complex inter-
actions between timing constraints.

9However, this might not be the case across batches. PAR-BS can reduce
locality at batch boundaries because marked requests are prioritized over row-
hit requests. This locality reduction depends on how large Marking-Cap is.
Section 8.3 evaluates the trade-offs related to Marking-Cap.

4.3. Advantages, Disadvantages, Trade-offs
Request Batching component of our proposal has the following

major advantages:
• Fairness and Starvation Avoidance: Batching guarantees the ab-

sence of short-term or long-term starvation: every thread can make
progress in every batch, regardless of the memory access patterns
of other threads.10 The number of requests from a thread sched-
uled before requests of another thread is strictly bounded with the
size of a batch. Apart from FCFS, no existing scheduler provides
a similar notion of starvation avoidance. In FR-FCFS, a memory-
intensive thread with excellent row-buffer locality can capture a
bank for a long time, if it can issue a large number of row-hit re-
quests to the same bank in succession. Depending on the history
of access patterns, short-term starvation is also possible in NFQ
and STFM, especially due to the idleness and bank access balance
problems [25] associated with NFQ and inaccurate slowdown es-
timates in STFM [25]. In PAR-BS, memory-intensive threads are
unable to delay requests from non-intensive ones for a long time.

• Substrate for Exploiting Bank Parallelism: Batching enables
the use of highly efficient within-batch scheduling policies (such as
PAR). Without batches (or any similar notion of groups of requests
in time), devising a parallelism-aware scheduler is difficult as it is
unclear within what context bank-parallelism should be optimized.

• Flexibility and Simple Implementation: While most beneficial
in combination with PAR, the idea of batching can be used in com-
bination with any existing or future DRAM command scheduling
policy. Batching thus constitutes a simple and flexible framework
that can be used to enhance the fairness of existing scheduling al-
gorithms. We explore the performance and fairness of using FCFS
and FR-FCFS policies within a batch in Section 8.3.3.

A possible disadvantage of our scheme is that it requires careful
determination of Marking-Cap. If Marking-Cap is large, PAR-
BS could suffer from similar unfairness problems as FR-FCFS, al-
though not to the same extent. If a non-memory-intensive thread is-
sues a request that just misses the formation of a new batch, the re-
quest has to wait until all requests from the current batch to the same
bank are serviced, which slows down the non-intensive thread. On the
other hand, a small Marking-Cap can slow down memory-intensive
threads, since at most Marking-Cap requests per thread and per
bank are included in a batch, the remaining ones being postponed
to the next batch. There is a second important downside to having
small batches: the lower the Marking-Cap, the lower the row-buffer
hit rate of threads with high inherent row-buffer locality. Across a
batch boundary, a marked row-conflict request is prioritized over an
unmarked row-hit request. The smaller the batches (the smaller the
Marking-Cap), the more frequently a stream of row-hit accesses

10Starvation freedom of “batched (or grouped) scheduling” was proven for-
mally within the context of disk scheduling [7].

67
67

42



UC Regents Fall 2009 © UCBCS 250 L11:  DRAM

For more concurrency: rethink DIMMs?

PDF: 09005aef82250868/Source: 09005aef82250815 Micron Technology, Inc., reserves the right to change products or specifications without notice.
HTF9C32_64_128x72.fm - Rev. E 6/08 EN 6 ©2003 Micron Technology, Inc. All rights reserved.

 256MB, 512MB, 1GB (x72, ECC, SR) 240-Pin DDR2 SDRAM RDIMM
Functional Block Diagrams

Functional Block Diagrams
Figure 2:  Functional Block Diagram – Raw Card A Non-Parity

U1 

A0

SPD EEPROM 
A1 A2 

SA0 SA1 SA2 

SDA SCL 
WP 

DQ0 
DQ1 
DQ2 
DQ3 
DQ4 
DQ5 
DQ6 
DQ7 

DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 

DM/       NU/   CS# DQS DQS# 
RDQS    RDQS# 

DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 

DQ32 
DQ33 
DQ34 
DQ35 
DQ36 
DQ37 
DQ38 
DQ39 

DM/       NU/   CS# DQS DQS# 
RDQS    RDQS# 

RS0# 
DQS0 

DQS0# 
DM0/DQS9 
NC/DQS9# 

U9 

DQS4 
DQS4# 

DM4/DQS13 
NC/DQS13# 

DQS1 
DQS1# 

DM1/DQS10 
NC/DQS10# 

DQS5 
DQS5# 

DM5/DQS14 
NC/DQS14# 

DQS2 
DQS2# 

DM2/DQS11 
NC/DQS11# 

DQS6 
DQS6# 

DM6/DQS15 
NC/DQS15# 

DQS3 
DQS3# 

DM3/DQS12 
NC/DQS12# 

DQS7 
DQS7# 

DM7/DQS16 
NC/DQS16# 

DQS8 
DQS8# 

DM8/DQS17 
NC/DQS17# 

DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 

DQ8 
DQ9 

DQ10 
DQ11 
DQ12 
DQ13 
DQ14 
DQ15 

DM/       NU/   CS# DQS DQS# 
RDQS    RDQS# 

DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 

DQ40 
DQ41 
DQ42 
DQ43 
DQ44 
DQ45 
DQ46 
DQ47 

DM/       NU/   CS# DQS DQS# 
RDQS    RDQS# 

U10 U2 

DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 

DQ16 
DQ17 
DQ18 
DQ19 
DQ20 
DQ21 
DQ22 
DQ23 

DM/       NU/   CS# DQS DQS# 
RDQS    RDQS# 

DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 

DQ48 
DQ49 
DQ50 
DQ51 
DQ52 
DQ53 
DQ54 
DQ55 

DM/       NU/   CS# DQS DQS# 
RDQS    RDQS# 

DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 

DQ24 
DQ25 
DQ26 
DQ27 
DQ28 
DQ29 
DQ30 
DQ31 

DM/       NU/   CS# DQS DQS# 
RDQS    RDQS# 

DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 

DQ56 
DQ57 
DQ58 
DQ59 
DQ60 
DQ61 
DQ62 
DQ63 

DM/       NU/   CS# DQS DQS# 
RDQS    RDQS# 

DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 

CB0 
CB1 
CB2 
CB3 
CB4 
CB5 
CB6 
CB7 

DM/       NU/   CS# DQS DQS# 
RDQS    RDQS# 

U3 

U4 

U5 

U12 

U11 

PLL 

U7 

CK0 
CK0# 

DDR2 SDRAM 
DDR2 SDRAM 
DDR2 SDRAM 
DDR2 SDRAM 
DDR2 SDRAM
DDR2 SDRAM
DDR2 SDRAM
DDR2 SDRAM
DDR2 SDRAM
Register

RESET# 

U8 

U6 

VREF 

VSS 

DDR2 SDRAM 

DDR2 SDRAM 

VDD/VDDQ

VDDSPD SPD EEPROM

DDR2 SDRAM 

R 
E 
G 
I 
S 
T 
E 
R 

S0#
BA[2/1:0]

A[13/12:0]
RAS#
CAS#
WE#

CKE0
ODT0

RESET# 

RS0#: DDR2 SDRAM
RBA[2/1:0]: DDR2 SDRAM
RA[13/12:0]: DDR2 SDRAM
RRAS#: DDR2 SDRAM
RCAS#: DDR2 SDRAM
RWE#: DDR2 SDRAM
RCKE0: DDR2 SDRAM
RODT0: DDR2 SDRAM

VSS

PDF: 09005aef82250868/Source: 09005aef82250815 Micron Technology, Inc., reserves the right to change products or specifications without notice.
HTF9C32_64_128x72.fm - Rev. E 6/08 EN 6 ©2003 Micron Technology, Inc. All rights reserved.

 256MB, 512MB, 1GB (x72, ECC, SR) 240-Pin DDR2 SDRAM RDIMM
Functional Block Diagrams

Functional Block Diagrams
Figure 2:  Functional Block Diagram – Raw Card A Non-Parity

U1 

A0

SPD EEPROM 
A1 A2 

SA0 SA1 SA2 

SDA SCL 
WP 

DQ0 
DQ1 
DQ2 
DQ3 
DQ4 
DQ5 
DQ6 
DQ7 

DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 

DM/       NU/   CS# DQS DQS# 
RDQS    RDQS# 

DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 

DQ32 
DQ33 
DQ34 
DQ35 
DQ36 
DQ37 
DQ38 
DQ39 

DM/       NU/   CS# DQS DQS# 
RDQS    RDQS# 

RS0# 
DQS0 

DQS0# 
DM0/DQS9 
NC/DQS9# 

U9 

DQS4 
DQS4# 

DM4/DQS13 
NC/DQS13# 

DQS1 
DQS1# 

DM1/DQS10 
NC/DQS10# 

DQS5 
DQS5# 

DM5/DQS14 
NC/DQS14# 

DQS2 
DQS2# 

DM2/DQS11 
NC/DQS11# 

DQS6 
DQS6# 

DM6/DQS15 
NC/DQS15# 

DQS3 
DQS3# 

DM3/DQS12 
NC/DQS12# 

DQS7 
DQS7# 

DM7/DQS16 
NC/DQS16# 

DQS8 
DQS8# 

DM8/DQS17 
NC/DQS17# 

DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 

DQ8 
DQ9 

DQ10 
DQ11 
DQ12 
DQ13 
DQ14 
DQ15 

DM/       NU/   CS# DQS DQS# 
RDQS    RDQS# 

DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 

DQ40 
DQ41 
DQ42 
DQ43 
DQ44 
DQ45 
DQ46 
DQ47 

DM/       NU/   CS# DQS DQS# 
RDQS    RDQS# 

U10 U2 

DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 

DQ16 
DQ17 
DQ18 
DQ19 
DQ20 
DQ21 
DQ22 
DQ23 

DM/       NU/   CS# DQS DQS# 
RDQS    RDQS# 

DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 

DQ48 
DQ49 
DQ50 
DQ51 
DQ52 
DQ53 
DQ54 
DQ55 

DM/       NU/   CS# DQS DQS# 
RDQS    RDQS# 

DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 

DQ24 
DQ25 
DQ26 
DQ27 
DQ28 
DQ29 
DQ30 
DQ31 

DM/       NU/   CS# DQS DQS# 
RDQS    RDQS# 

DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 

DQ56 
DQ57 
DQ58 
DQ59 
DQ60 
DQ61 
DQ62 
DQ63 

DM/       NU/   CS# DQS DQS# 
RDQS    RDQS# 

DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 
DQ 

CB0 
CB1 
CB2 
CB3 
CB4 
CB5 
CB6 
CB7 

DM/       NU/   CS# DQS DQS# 
RDQS    RDQS# 

U3 

U4 

U5 

U12 

U11 

PLL 

U7 

CK0 
CK0# 

DDR2 SDRAM 
DDR2 SDRAM 
DDR2 SDRAM 
DDR2 SDRAM 
DDR2 SDRAM
DDR2 SDRAM
DDR2 SDRAM
DDR2 SDRAM
DDR2 SDRAM
Register

RESET# 

U8 

U6 

VREF 

VSS 

DDR2 SDRAM 

DDR2 SDRAM 

VDD/VDDQ

VDDSPD SPD EEPROM

DDR2 SDRAM 

R 
E 
G 
I 
S 
T 
E 
R 

S0#
BA[2/1:0]

A[13/12:0]
RAS#
CAS#
WE#

CKE0
ODT0

RESET# 

RS0#: DDR2 SDRAM
RBA[2/1:0]: DDR2 SDRAM
RA[13/12:0]: DDR2 SDRAM
RRAS#: DDR2 SDRAM
RCAS#: DDR2 SDRAM
RWE#: DDR2 SDRAM
RCKE0: DDR2 SDRAM
RODT0: DDR2 SDRAM

VSS

Traditional 
DIMMs 
minimize pins 
by sharing 
wires.

As SDRAM chip 
interfaces get 
faster, should 
we optimize 
concurrency 
instead?

43



UC Regents Fall 2009 © UCBCS 250 L11:  DRAM

10
0

10
1

10
2

10
3

10
4

0

10

20

30

40

50

60

70

80

90

100

Reuse Distance

C
um

ul
at

iv
e 

P
er

ce
nt

ag
e

CS
IBM
SPECWEB
WC

10
0

10
1

10
2

10
3

10
4

0

10

20

30

40

50

60

70

80

90

100

Reuse Distance

C
um

ul
at

iv
e 

P
er

ce
nt

ag
e

CS
IBM
SPECWEB
WC

10
0

10
1

10
2

10
3

10
4

0

10

20

30

40

50

60

70

80

90

100

Reuse Distance

C
um

ul
at

iv
e 

P
er

ce
nt

ag
e

CS
IBM
SPECWEB
WC

(A) 32 KB Row Reuse (B) 8 KB Segment Reuse (C) 256 B Block Reuse

Figure 1. Cumulative distribution of SDRAM access reuse distances.

ever, most of the spatial reuse occurs at a much larger gran-
ularity. For instance, even a 2 MB fully-associative cache
would have less than a 30% hit rate, since fewer than 30%
of the accesses have reuse distances of 8092 or less. This
shows that a small cache, either on the SDRAM chip or
in the memory controller, would not be effective. Rather,
a true L3 cache would be necessary to capture reuse us-
ing such small blocks. Furthermore, the graphs indicate
that the larger block sizes (segments and rows) only reuse
small portions of the data. So, constructing a cache outside
of the SDRAM with large block sizes would waste critical
SDRAM bandwidth.

4 Locality and Parallelism

Figure 1 suggests that a memory controller that sends ac-
cesses to the SDRAM in the order they arrive would achieve
significant row hit rates. However, the figure also suggests
that there is much additional locality available in the mem-
ory access stream. Furthermore, banks can be precharged
and rows can be activated in the background, while the
oldest reference is being serviced. Exploiting this paral-
lelism can improve both the bandwidth and latency of the
SDRAM, as about 40% of the accesses have row reuse
distances greater than 15, limiting the benefits of exploit-
ing locality alone. This section discusses two complemen-
tary techniques to increase locality and parallelism in the
SDRAM: memory access scheduling and virtual channels.

4.1 Memory Access Scheduling

Several mechanisms exist to reorder memory references in
order to increase locality and parallelism in SDRAM [3, 12,
17]. Briefly, a memory controller that performs memory
access scheduling accepts memory accesses (from either
the CPU or peripherals in a network server), buffers them,
and sends them to the SDRAM in an order designed to im-
prove the performance of the SDRAM. By taking advantage
of the internal structure of the SDRAM, described in Sec-
tion 2, significant improvements are possible. However, it
is widely believed that these techniques are only applicable

to the domains in which they were originally proposed—
media processing and scientific computing—which exhibit
stream oriented access patterns and have high latency tol-
erance. While the characteristics of the memory traffic are
different for a network server than in those domains, Sec-
tion 3 shows that there is significant locality in the memory
traffic of a web server. This strongly suggests that these
techniques can be effective.

Table 3 describes the scheduling algorithms considered
in this paper. The sequential, bank sequential, and first
ready schedulers are self-explanatory. However, the row
and column schedulers also need a policy to decide whether
or not to leave a row open within the row buffer after all
pending accesses to the row have been completed. If the
row is left open, future references to that row will be able
to complete with lower latency. However, if future refer-
ences target other rows in the bank, they will complete with
lower latency if the row has been closed by a bank precharge
operation. These schedulers will be prefixed with open or
closed based on this completed row policy. Further details
on these algorithms and the mechanisms for performing
such reordering can be found in [12] and [17].

4.2 Virtual Channels

No matter how well a memory access scheduler reorders
memory references, it cannot prevent a sequence of ac-
cesses from conflicting within a memory bank. When this
occurs, performance will be limited if there are not enough
accesses to other banks, as the latency of activating different
rows within the bank will be exposed. Even with sufficient
bank parallelism, the average access latency will still be in-
creased over what it could have been if the accesses had hit
in the active row. In order to keep pace with future systems,
new memory architectures are needed to further reduce la-
tency. As shown in Figure 1C, small caches on the SDRAM
or within the memory controller will not help.

NEC developed virtual channel SDRAM in the late
1990s in order to alleviate the problem caused by bank con-
flicts [15]. Virtual channel SDRAM was marketed at the
time as a solution for I/O intensive systems, since the I/O
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Abstract

This paper analyzes memory access scheduling and vir-
tual channels as mechanisms to reduce the latency of main
memory accesses by the CPU and peripherals in web
servers. Despite the address filtering effects of the CPU’s
cache hierarchy, there is significant locality and bank par-
allelism in the DRAM access stream of a web server, which
includes traffic from the operating system, application, and
peripherals. However, a sequential memory controller
leaves much of this locality and parallelism unexploited, as
serialization and bank conflicts affect the realizable latency.

Aggressive scheduling within the memory controller to
exploit the available parallelism and locality can reduce the
average read latency of the SDRAM. However, bank con-
flicts and the limited ability of the SDRAM’s internal row
buffers to act as a cache hinder further latency reduction.
Virtual channel SDRAM overcomes these limitations by pro-
viding a set of channel buffers that can hold segments from
rows of any internal SDRAM bank. This paper presents
memory controller policies that can make effective use of
these channel buffers to further reduce the average read la-
tency of the SDRAM.

1 Introduction

Network server performance has improved substantially
in recent years, largely due to scalable event notification
mechanisms, careful thread and process management, and
zero-copy I/O techniques. These techniques use the proces-
sor and memory more efficiently, but main memory is still a
primary bottleneck at higher performance levels. Latency to
main memory continues to be a problem for both the CPU
and peripherals because the speed of the rest of the sys-
tem increases at a much faster pace than SDRAM latency
decreases. Despite this continuing trend, very little empha-
sis has been placed on architectural techniques to reduce
DRAM latency. Rather, significant effort has been spent

This work is supported in part by a donation from AMD.

developing techniques to minimize the number of DRAM
accesses, to issue those accesses early, or to tolerate their
latency. However, since DRAM technology improvements
are unable to lower memory latency enough to keep up with
increased processing speeds, an increasing burden is placed
on these techniques to prevent DRAM latency from becom-
ing even more of a performance bottleneck.

This paper analyzes memory controller policies to re-
order memory accesses to the SDRAM and to manage vir-
tual channel SDRAM in order to reduce the latency of main
memory accesses in modern web servers. SDRAMs are
composed of multiple internal banks, each with a row buffer
that caches the most recently accessed row of the bank.
This allows concurrent access and lower access latency to
rows in each row buffer. Virtual channel SDRAM pushes
this concept further by providing a set of channel buffers
within the SDRAM to hold segments of rows for faster ac-
cess and greater concurrency. By providing more channels
than banks in the SDRAM, more useful memory is avail-
able for fast access at any given time. However, the mem-
ory controller must successfully exploit the features of both
conventional and virtual channel SDRAM in order to de-
liver high memory bandwidth and low memory latency.

In a modern web server with a 2 GHz processor and
DDR266 SDRAM, memory references (including operating
system, application, and peripheral memory traffic) arrive at
the memory controller approximately once every 90–100ns.
At this rate, a simple memory controller is able to satisfy
both CPU and DMA accesses with an average read latency
of 35–39ns for CPU loads and 24–27ns for DMA reads.
In such a system, reordering accesses to the SDRAM does
not reduce the average read latency despite the available lo-
cality and concurrency in the access stream. However, with
virtual channel SDRAM, a memory controller that manages
the channels efficiently and uses a novel design to restore
updated segments can reduce the DRAM latency by 9–12%
for CPU loads and by 12–14% for DMA reads.

As the disparity between CPU speed and DRAM latency
increases, scheduling memory accesses and exploiting vir-
tual channels will become more important in keeping mem-
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Abstract

This paper analyzes memory access scheduling and vir-
tual channels as mechanisms to reduce the latency of main
memory accesses by the CPU and peripherals in web
servers. Despite the address filtering effects of the CPU’s
cache hierarchy, there is significant locality and bank par-
allelism in the DRAM access stream of a web server, which
includes traffic from the operating system, application, and
peripherals. However, a sequential memory controller
leaves much of this locality and parallelism unexploited, as
serialization and bank conflicts affect the realizable latency.

Aggressive scheduling within the memory controller to
exploit the available parallelism and locality can reduce the
average read latency of the SDRAM. However, bank con-
flicts and the limited ability of the SDRAM’s internal row
buffers to act as a cache hinder further latency reduction.
Virtual channel SDRAM overcomes these limitations by pro-
viding a set of channel buffers that can hold segments from
rows of any internal SDRAM bank. This paper presents
memory controller policies that can make effective use of
these channel buffers to further reduce the average read la-
tency of the SDRAM.

1 Introduction

Network server performance has improved substantially
in recent years, largely due to scalable event notification
mechanisms, careful thread and process management, and
zero-copy I/O techniques. These techniques use the proces-
sor and memory more efficiently, but main memory is still a
primary bottleneck at higher performance levels. Latency to
main memory continues to be a problem for both the CPU
and peripherals because the speed of the rest of the sys-
tem increases at a much faster pace than SDRAM latency
decreases. Despite this continuing trend, very little empha-
sis has been placed on architectural techniques to reduce
DRAM latency. Rather, significant effort has been spent
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developing techniques to minimize the number of DRAM
accesses, to issue those accesses early, or to tolerate their
latency. However, since DRAM technology improvements
are unable to lower memory latency enough to keep up with
increased processing speeds, an increasing burden is placed
on these techniques to prevent DRAM latency from becom-
ing even more of a performance bottleneck.

This paper analyzes memory controller policies to re-
order memory accesses to the SDRAM and to manage vir-
tual channel SDRAM in order to reduce the latency of main
memory accesses in modern web servers. SDRAMs are
composed of multiple internal banks, each with a row buffer
that caches the most recently accessed row of the bank.
This allows concurrent access and lower access latency to
rows in each row buffer. Virtual channel SDRAM pushes
this concept further by providing a set of channel buffers
within the SDRAM to hold segments of rows for faster ac-
cess and greater concurrency. By providing more channels
than banks in the SDRAM, more useful memory is avail-
able for fast access at any given time. However, the mem-
ory controller must successfully exploit the features of both
conventional and virtual channel SDRAM in order to de-
liver high memory bandwidth and low memory latency.

In a modern web server with a 2 GHz processor and
DDR266 SDRAM, memory references (including operating
system, application, and peripheral memory traffic) arrive at
the memory controller approximately once every 90–100ns.
At this rate, a simple memory controller is able to satisfy
both CPU and DMA accesses with an average read latency
of 35–39ns for CPU loads and 24–27ns for DMA reads.
In such a system, reordering accesses to the SDRAM does
not reduce the average read latency despite the available lo-
cality and concurrency in the access stream. However, with
virtual channel SDRAM, a memory controller that manages
the channels efficiently and uses a novel design to restore
updated segments can reduce the DRAM latency by 9–12%
for CPU loads and by 12–14% for DMA reads.

As the disparity between CPU speed and DRAM latency
increases, scheduling memory accesses and exploiting vir-
tual channels will become more important in keeping mem-
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Table 3. Memory Access Scheduling Policies.
Policy Description

Sequential
Accesses are sent to the SDRAM in the order they
arrive, which does not take advantage of any paral-
lelism within the SDRAM.

Bank Sequential

The memory accesses are separated according to
the SDRAM bank they target. For each bank, the
accesses are still sent to the SDRAM sequentially.
However, commands to multiple banks can be over-
lapped with each other, significantly increasing the
parallelism within the SDRAM.

First Ready

An operation is sent to the SDRAM for the oldest
pending memory access that is ready to do so. This
increases parallelism and reduces latency by over-
lapping operations within the SDRAM.

Row

Row operations (either precharge or activate) that
are needed for the pending accesses are sent to the
SDRAM first. This reduces latency by initiating
row operations as early as possible to increase bank
parallelism. If no row operations are necessary,
then column operations are performed.

Column

Column operations (either read or write) that will
be needed for the pending accesses are sent to the
SDRAM first. This reduces latency by transferring
data into or out of the SDRAM as early as possi-
ble. If no column operations can be performed, ei-
ther because the data pins are already in use or the
appropriate rows are not activated, then row opera-
tions are performed.

and CPU access streams could potentially conflict with each
other in the SDRAM banks. Virtual channels have also been
proposed as one possible addition to the DDR2 standard [6].
Virtual channels provide additional storage on the SDRAM
chip, which acts as a small row buffer cache that is man-
aged by the memory controller. The memory controller can
use these virtual channels to avoid bank conflicts, leading to
lower achieved memory latencies.

Figure 2 shows the internal organization of a virtual
channel SDRAM. The structure of the actual memory array
remains unchanged, with multiple banks and a row buffer
for each bank. However, column accesses may no longer be
made from the row buffers. Instead, segments can be trans-
ferred between a row buffer and a channel. As shown in
the figure, segments are one quarter of a row in the origi-
nal NEC virtual channel SDRAM. A PREFETCH command
transfers one segment out of an active row in a row buffer
to one virtual channel. Once stored in a channel, column
accesses may be made to the segment. The memory con-
troller must return the segment to the appropriate row of the
SDRAM, if it is modified, using the RESTORE command to
transfer the virtual channel to one segment of a row in the
row buffer. This potentially requires that row to be activated
and then precharged after the RESTORE command. Note
that if the bank is precharged after the PREFETCH com-
mand, then the row data is restored to the memory array,
as in a conventional SDRAM. Therefore, segments that are
read but not written never need to be transferred back to
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Figure 2. Virtual Channel SDRAM organiza-
tion (N Banks and M Channels).

the row buffer, since the memory array already holds the
correct data after the precharge operation. Furthermore, the
bank may be precharged and other rows may be activated
while a segment from that bank is in a channel. This allows
each channel to service column accesses, regardless of the
state of the bank from which it came. Furthermore, it allows
opportunities for greater parallelism, as bank operations can
occur in the background for all of the banks, while column
operations are occurring to active segments.

NEC’s original virtual channel SDRAM contained 64Mb
organized into two banks of 8192 4Kb rows. This SDRAM
had 16 channels that could each hold a single segment of
1Kb. NEC also included a dummy channel that allowed
data to be written directly to a row buffer, bypassing the
channels. Any SDRAM interface, such as double data rate
or Rambus, could be augmented with virtual channels to
improve access parallelism and locality.

4.3 Exploiting Virtual Channels

Unlike row buffers, which are specifically tied to a memory
bank, virtual channels can be used to store any segment of
the SDRAM. So, the memory controller must select a chan-
nel in which to store a segment before that segment can be
accessed, and modified segments must be restored to the
appropriate bank before the channel can be reused. The fol-
lowing proposed techniques effectively manage these seg-
ments in order to increase parallelism and reduce latency.

As with conventional SDRAM, virtual channel SDRAM
will also benefit from memory access scheduling, since the
underlying organization of the memory arrays remains sim-
ilar. Scheduling accesses, however, now has the additional
component of allocating channels. Most of the scheduling
algorithms presented in Table 3 still apply to virtual channel
SDRAM. However, the row policy would consider segment
operations along with row operations first. Furthermore, the
bank sequential algorithm is no longer useful, as column ac-
cesses to one segment of a bank can occur in parallel with
row operations for another segment of the same bank, which
was not possible with conventional SDRAM.

The memory access scheduling algorithm must be aug-
mented with a channel selection algorithm, as all accesses
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