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An Introduction to DRAM
Dynamic random access memory (DRAM) integrated circuits (ICs) have
existed for more than twenty-five years. DRAMs evolved from the earliest
1-kilobit (Kb) generation to the recent 1-gigabit (Gb) generation through
advances in both semiconductor process and circuit design technology. Tre-
mendous advances in process technology have dramatically reduced feature
size, permitting ever higher levels of integration. These increases in integra-
tion have been accompanied by major improvements in component yield to
ensure that overall process solutions remain cost-effective and competitive.
Technology improvements, however, are not limited to semiconductor pro-
cessing. Many of the advances in process technology have been accompa-
nied or enabled by advances in circuit design technology. In most cases,
advances in one have enabled advances in the other. In this chapter, we
introduce some fundamentals of the DRAM IC, assuming that the reader
has a basic background in complementary metal-oxide semiconductor
(CMOS) circuit design, layout, and simulation [1].

1.1 DRAM TYPES AND OPERATION

To gain insight into how modern DRAM chips are designed, it is useful to
look into the evolution of DRAM. In this section, we offer an overview of
DRAM types and modes of operation.

1.1.1 The 1k DRAM (First Generation)

We begin our discussion by looking at the 1,024-bit DRAM (1,024 x
1 bit). Functional diagrams and pin connections appear in Figure 1.1 and
Figure 1.2, respectively. Note that there are 10 address inputs with pin
labels R\~Rs and C\-C5. Each address input is connected to an on-chip
address input buffer. The input buffers that drive the row (R) and column
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(C) decoders in the block diagram have two purposes: to provide a known
input capacitance (CM) on the address input pins and to detect the input
address signal at a known level so as to reduce timing errors. The level
VTRIP> an idealized trip point around which the input buffers slice the input
signals, is important due to the finite transition times on the chip inputs
(Figure 1.3). Ideally, to avoid distorting the duration of the logic zeros and
ones, VTRIP should be positioned at a known level relative to the maximum
and minimum input signal amplitudes. In other words, the reference level
should change with changes in temperature, process conditions, input maxi-
mum amplitude (Vm), and input minimum amplitude (VIL). Having said
this, we note that the input buffers used in first-generation DRAMs were
simply inverters.

Continuing our discussion of the block diagram shown in Figure 1.1,
we see that five address inputs are connected through a decoder to the
1,024-bit memory array in both the row and column directions. The total
number of addresses in each direction, resulting from decoding the 5-bit
word, is 32. The single memory array is made up of 1,024 memory elements
laid out in a square of 32 rows and 32 columns. Figure 1.4 illustrates the
conceptual layout of this memory array. A memory element is located at the
intersection of a row and a column.
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Figure 1.1 1,024-bit DRAM functional diagram.



Figure 1.3 Ideal address input buffer.

By applying an address of all zeros to the 10 address input pins, the
memory data located at the intersection of rowO, RAO, and column 0, CAO, is
accessed. (It is either written to or read out, depending on the state of the R/W
input and assuming that the CE pin is LOW so that the chip is enabled.)

It is important to realize that a single bit of memory is accessed by using
both a row and a column address. Modern DRAM chips reduce the number
of external pins required for the memory address by using the same pins for
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Figure 1.2 1,024-bit DRAM pin connections.
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Figure 1.4 Layout of a 1,024-bit memory array.

both the row and column address inputs (address multiplexing). A clock sig-
nal row address strobe (RAS) strobes in a row address and then, on the same
set of address pins, a clock signal column address strobe (CAS) strobes in a
column address at a different time.

Also note how a first-generation memory array is organized as a logical
square of memory elements. (At this point, we don't know what or how the
memory elements are made. We just know that there is a circuit at the inter-
section of a row and column that stores a single bit of data.) In a modern
DRAM chip, many smaller memory arrays are organized to achieve a larger
memory size. For example, 1,024 smaller memory arrays, each composed
of 256 kbits, may constitute a 256-Meg (256 million bits) DRAM.

1.1.1.1 Reading Data Out of the Ik DRAM. Data can be read out of
the DRAM by first putting the chip in the Read mode by pulling the R/W
pin HIGH and then placing the chip enable pin "CE in the LOW state. Figure
1.5 illustrates the timing relationships between changes in the address
inputs and data appearing on the DQUT pin. Important timing specifications
present in this figure are Read cycle time (tRC) and Access time (tAC)- The
term tRC specifies how fast the memory can be read. If tRC is 500 ns, then
the DRAM can supply 1-bit words at a rate of 2 MHz. The term tAC speci-
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Figure 1.5 Ik DRAM Read cycle.

fies the maximum length of time after the input address is changed beforethe
output data (Dour) is valid.

1.1.1.2 Writing to the ikJDRAM. Writing data to the DRAM is accom-
plished by bringing the R/W input LOW with valid data present onthe DiN

pin. Figure 1.6 shows the timing diagram for a Write cycle. The term Write
cycle time (twc) is related to the maximum frequency at which we can write
data into the DRAM. The term Address to Write delay time (tAW) specifies the
time between the address changing and the R/W input going LOW. Finally,
Write pulse width (tWP) specifies how long the input data must be present
before the R/W input can go back HIGH in preparation for another Read or
Write to the DRAM. When writing to the DRAM, we can think of the R/W
input as a clock signal.

1.1.1.3 Refreshing the Ik DRAM. The dynamic nature of DRAM
requires that the memory be refreshed periodically so as not to lose the con-
tents of the memory cells. Later we will discuss the mechanisms that lead to
the dynamic operation of the memory cell. At this point, we discuss how
memory Refresh is accomplished for the Ik DRAM.

Refreshing a DRAM is accomplished internally: external data to the
DRAM need not be applied. To refresh the DRAM, we periodically access
the memory with every possible row address combination. A timing diagram
for a Refresh cycle is shown in Figure 1.7. With the CE input pulled HIGH,
the address is changed, while the R/W input is used as a strobe or clock sig-
nal. Internally, the data is read out and then written back into the same loca-
tion at full voltage; thus, logic levels are restored (or refreshed).
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Figure 1.7 Ik DRAM Refresh cycle.

1 J.I.4 A Note on the Power Supplies, The voltage levels used in the
Ik DRAM are unusual by modern-day standards. In reviewing Figure 1.2,
we see that the Ik DRAM chip uses two power supplies: VDD and Vss. To
begin, V̂ ^ is a greater voltage than VDD: VSs is nominally 5 V, while VDD is
-12 V. The value of VSs was set by the need to interface to logic circuits that
were implemented using transistor-transistor logic (TTL) logic. The 17-V
difference between VDD and VSs was necessary to maintain a large signal-to-
noise ratio in the DRAM array. We discuss these topics in greater detail later
in the book. The VSs power supply used in modern DRAM designs, at the
time of this writing, is generally zero; the VDD is in the neighborhood of
2.5 V.
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Ll.1.5 The 3-Transistor DRAM Cell One of the interesting circuits
used in the Ik DRAM (and a few of the 4k and 16k DRAMs) is the 3-transis-
tor DRAM memory cell shown in Figure 1.8. The column- and rowlines
shown in the block diagram of Figure 1.1 are split into Write and Read line
pairs. When the Write rowline is HIGH, Ml turns ON. At this point, the data
present on the Write columnline is passed to the gate of M2, and the informa-
tion voltage charges or discharges the input capacitance of M2. The next, and
final, step in writing to the mbit cell is to turn OFF the Write rowline by driv-
ing it LOW. At this point, we should be able to see why the memory is called
dynamic. The charge stored on the input capacitance of M2 will leak off over
time.

Figure 1.8 3-transistor DRAM cell.

If we want to read out the contents of the cell, we begin by first precharg-
ing the Read columnline to a known voltage and then driving the Read row-
line HIGH. Driving the Read rowline HIGH turns M3 ON and allows M2
either to pull the Read columnline LOW or to not change the precharged
voltage of the Read columnline. (If M2's gate is a logic LOW, then M2 will
be OFF, having no effect on the state of the Read columnline.) The main
drawback of using the 3-transistor DRAM cell, and the reason it is no longer
used, is that it requires two pairs of column and rowlines and a large layout
area. Modern 1-transistor, 1-capacitor DRAM cells use a single rowline, a
single columnline, and considerably less area.

1.1.2 The 4k-64 Meg DRAM (Second Generation)

We distinguish second-generation DRAMs from first-generation
DRAMs by the introduction of multiplexed address inputs, multiple memory
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arrays, and the 1-transistor/1-capacitor memory cell. Furthermore, second-
generation DRAMs offer more modes of operation for greater flexibility or
higher speed operation. Examples are page mode, nibble mode, static col-
umn mode, fast page mode (FPM), and extended data out (EDO). Second-
generation DRAMs range in size from 4k (4,096 x 1 bit, i.e., 4,096 address
locations with 1-bit input/output word size) up to 64 Meg (67,108,864 bits)
in memory sizes of 16 Meg x 4 organized as 16,777,216 address locations
with 4-bit input/output word size, 8 Meg x 8, or 4 Meg x 16.

Two other major changes occurred in second-generation DRAMs:
(1) the power supply transitioned to a single 5 V and (2) the technology
advanced from NMOS to CMOS. The change to a single 5 V supply
occurred at the 64kbit density. It simplified system design to a single power
supply for the memory, processor, and any TTL logic used in the system. As
a result, rowlines had to be driven to a voltage greater than 5 V to turn the
NMOS access devices fully ON (more on this later), and the substrate held
at a potential less than zero. For voltages outside the supply range, charge
pumps are used (see Chapter 6). The move from NMOS to CMOS, at the
1Mb density level, occurred because of concerns over speed, power, and
layout size. At the cost of process complexity, complementary devices
improved the design.

1.1.2.1 Multiplexed Addressing. Figure 1.9 shows a 4k DRAM block
diagram, while Figure 1.10 shows the pin connections for a 4k chip. Note
that compared to the block diagram of the Ik DRAM shown in Figure 1.1,
the number of address input pins has decreased from 10 to 6, even though
the memory size has quadrupled. This is the result of using multiplexed
addressing in which the same address input pins are used for both the row
and column addresses. The row address strobe (RAS) input clocks the
address present on the DRAM address pins Ao to A5 into the row address
latches on the falling edge. The column address strobe (CAS) input clocks
the input address into the column address latches on its falling edge.

Figure 1.11 shows the timing relationships between RAS9 CAS, and the
address inputs. Note that tRC is still (as indicated in the last section) the ran-
dom cycle time for the DRAM, indicating the maximum rate we can write
to or read from a DRAM. Note too how the row (or column) address must
be present on the address inputs when RAS (or CAS) goes LOW. The param-
eters tMs and tCAs indicate how long RAS or CAS must remain LOW after
clocking in a column or row address. The parameters tASR9 r^//, tASCy and
tcAH indicate the setup and hold times for the row and column addresses,
respectively.


