
















































































































































































































































































































































































































































204 Semiconductor Memory Design and Application 

The dot matrix format is useful for displays on billboards, printhead drivers, and 
electrostatic fluidic printers, in addition to the CRT display terminal. A 5 X 7 dot 
matrix provides the minimum resolution necessary for good legibility in presentation 
of the English alphabet and numbers. Other matrix sizes such as the 7 X 9,8 X 10, 
or 12 X 16 may be used to provide special symbols and improved resolution. Each 
display point uses one bit of ROM storage. To store 64 different characters in a 
5 X 7 dot format, 2,240 bits of ROM storage are required. If each character is to 
be designated with additional information such as the cursor (an intensified area 
of light under operator control), then the next standard ROM matrix size of 2,560 
bits could be selected. If we were to implement this memory with diodes or bipolar 
logic, a memory of this size would be unreasonably expensive. The drive and sense 
circuitry required make core memory undesirable for these relatively small capaci­
ties. In contrast, MaS ROMs can be purchased off the shelf, or can be customized 
with a single gate mask. Production quantities can provide significant savings in 
cost, size, weight, and power consumption. 

Figure 8.19 shows a block diagram of a CRT display terminal which includes 
the MaS ROM character generator. The direct addressing of the character genera­
tor is controlled by a serial shift register memory which circulates specified characters 
for refreshing an entire line to the ROM character select. The clock and position 
counters provide the timing for the various functions. Any CRT cursor requires 
special logic control. The circuitry in the circulating memory and the ROM section 
is shown in Fig. 8.20. 

The 6-bit character address to the character generator is determined by the levels 
from 6 separate shift registers in Fig. 8.20a. This display uses the TMS2400 character 
generator with row output where the character bits are available for sequential 

Control 
inputs 

CRT 

Data in 

Video 

Write 

Clocks 

Serial 
memory 

Par. to serial 

Data out 

Fig. 8.19. Block diagram of a CRT display terminal which in­
cludes an MOS ROM character generator. 
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Fig. 8.20. Circuitry in the circulating memory and ROM section: (a) shift register and 
accumulator; (b) character address row select and load shift register; (c) sequential gating 
to CRT video amplifier. 

display in a horizontal line. The short 32-bit shift registers contain 1 bit for each 
horizontal character position. The data to the line refresh memory are obtained 
from a separate circulating memory or accumulator. The larger 512-bit shift register 
memory contains the information necessary to display one entire CRT frame. To 
store a display frame with 16 lines of 32 characters each, we will need 6 separate 
512-bit accumulators. The row output from the character generator requires that 
the character be selected and the specific row (one out of 7) be specified. In Fig. 
8.20b the row select has decoding from 3 input bits to specify separately one out 
of 7 rows. The row output contains all 5 bits to specify a row of the 5 X 7 dot 
format character. The five levels are used to parallel-load a shift register which 
gates these same levels sequentially out to the CRT video amplifier, as shown in 
Fig. 8.20c. 

Synchronization of all functions results in a fairly complex clocking requirement 
for the terminal. The timing control provides separate clocking for synchronizing 
the vertical and horizontal sawtooth generators, the circulating memories, the row 
select counters, the parallel-to-serial video signal conversion, and any cursor. 

8.5.2 Vector Display Format 

The vector display technique can greatly increase the resolution of the displayed 
character. As shown in Fig. 8.21, instead of generating the absolute coordinates 
X and Y at each stroke time, only the changes in coordinate locations need be 
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Fig. 8.21. Vector generation. 

generated at each stroke time. The character begins at an initial position on the 
CRT. During the first stroke time, the CRT beam can move in any direction to 
new coordinates with the beam blanked or unblanked. During subsequent stroke 
times, the beam can again move to new coordinates with the beam on or off. The 
initial position of the beam for the second stroke time is the final position of the 
beam at the end of the first stroke time. Implementation of this vector stroke 
requires a means of holding a digital-to-analog output voltage at the end of each 
stroke. This voltage is summed with the change in voltage required during the next 
stroke period. 

Figure 8.22 shows the seven outputs from the series 4100 of MaS ROMs being 
used to develop the character strokes. Three output lines are used to designate the 
X coordinate. The seventh bit controls the CRT beam intensity. The upper ROM 
generates half of the vectors for a character and the lower ROM generates the other 
half. By using more MaS ROMs, the number of strokes per character can be 
increased, resulting in a character display with higher resolution. 

8.6 ROM ECONOMICS 

Table 8.5 provides a design summary example which illustrates the gate reduction 
possible with ROM. We can replace control logic previously implemented with 

~ 
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(vertical) 
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Fig. 8.22. Simplified schematic of a vector generator. 
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Table 8.5. Design Summary Example 

Replace control logic with ROM 

1. Controller originally 2,500 bipolar gates 
2. 1,280 of these gates replaced with ROM 
3. Assume 12 ROM bits required for each gate function equivalent 

Thus, 1,280 gates = 15 1,024-bit ROMs 

bipolar integrated circuits by using ROM. The specific example here is a controller 
originally containing 2,500 bipolar gates. We find that we can replace 1,280 of these 
gates with ROM. Table 8.6 shows a component cost comparison. Bipolar Ies 
averaging 5 gates per package are compared in cost for two system production 
levels-a low-volume system and a high-volume system. Low volume corresponds 
to about 250 systems, high volume we'll define as being about 2,000 systems. The 
1,024-bit bipolar ROM purchased in low volume is priced at $10 per package, 
corresponding to I cent per bit. In high volume this cost presently reduces to 
approximately 0.5 cent per bit. The average bipolar Ie package cost by comparison 
is 17 cents. Inspection, printed circuit card cost, insertion cost, board checking, 
connectors, power supply, and other costs increase the assembled package total cost 
for the bipolar Ie case to $1.17 for a total of $585. The manufactured controller 
cost using bipolar ROM is $463 for low volume and $388 for high volume using 
the values from Tables 8.5 and 8.6. 

The cost per gate equivalent reduces to 23 cents for the bipolar integrated-circuits 
design, 14 cents for the low-volume bipolar ROM, and 8 cents for the high-volume 
bipolar ROM. The cost per equivalent gate for the controller of Table 8.6 is further 
reduced using MaS ROM at the expense of reduced switching speed. For the 
low-volume production case the cost per gate equivalent using MaS ROM is 8 
cents. At the high-volume level the cost per gate with MaS ROM is 2 cents. 

Table 8.6. Component Cost Comparison between 
Bipolar IC and ROM 

ROM 
Bipolar IC 1,024 bits 

Item 5 gates/pkg. (low volume) 

Part $0.17 $10.00 
Inspection 0.05 0.25 
PC card 0.30 0.30 
Insertion 0.10 O.iO 
Board check 0.10 0.20 
Connector 0.05 0.05 
Power supply 0.15 0.70 
Other 0.25 0.25 

-- --
Pkg. total $1.17 $11.85 
Cost per gate 

equiv. $0.23 $ 0.14 

ROM 
1,024 bits 

(high volume) 

$5.00 
0.25 
0.30 
0.10 
0.20 
0.05 
0.70 
0.25 
--
$6.85 

$0.08 
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9.1 INTRODUCTION 

Bipolar Random Access Memory 
Applications 

9 

Random access memory systems cover a wide range of applications as discussed 
in Chap. 1. In this chapter, the discussion will center on TTL bipolar random access 
memory systems ranging from small scratch-pad-size systems of up to 256 words 
to minicomputer mainframe-size systems with a minimum of 4,096 words. Com­
mercial systems that have cycle times from 70 to 100 ns and operate over an ambient 
temperature range from 0° to 70°C will be the major concern. Military systems 
can be constructed from the same system diagrams, but the system packaging would 
probably have to be unique to the hardware requirement. Obviously, storage 
elements that operate over the extended temperature range required would need 
to be selected. 

Throughout this chapter speed performance will be indicated in maximum limits 
that include worst case propagation delays. Typical performance will be significantly 
better and frequently these times will be indicated. 

Memory systems for a variety of applications will have different specifications. 
For this reason, the general information and the system applications will be discussed 
in enough detail to provide a thorough understanding of the critical application 
areas. With this approach it should be easy to proceed with a specific design to 
a successful conclusion. 

Three key subjects will be analyzed in general discussion. These are: loading, 
timing, and output fan-out. After these subjects have been discussed, specific 
systems will be designed. 

9.2 LOADING 

The first subject, loading, is analyzed to determine the load for external drive 
circuits required in a memory system in addition to the storage elements themselves. 

A general diagram for a random access memory system is shown in Fig. 9.1. 
There is a matrix of storage elements, some form of decoding which may include 

209 
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Memory Data in 
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(chi p select) 

Fig. 9.1. Memory system block diagram. 

buffering, circuitry to sense the contents of storage, circuitry to change or write new 
information. into storage, and control circuitry to designate that the storage element 
is active (enabled) and that it is to be read or changed by writing. Power, of course, 
must be applied. Major input signals are address, read/write or write enable, 
memory enable or chip select, and data in. Other control signals and clocks may 
have to be provided. Data out is the major output. The TTL RAMS that will 
be discussed will not require clocks for the storage elements. They are static and 
need not be refreshed or clocked. 

These storage elements will be used in combination to build larger memory 
systems. Proper support circuitry must be selected to provide the necessary .drive 
for the lines. For this reason, one of the main concerns will be the loading on the 
lines. Of course, as the drive circuitry is provided, there is then a concern for the 
time relation of the signals. Has delay been added in the signal chain? Are the 
time relations of the signals at the storage element correct? Before these questions 
are answered, let's look at the loading. 

An expanded merrlOry system is shown in Fig. 9.2. It has N bits with M words. 
In this simple example there is one word per package; however, the normal case 
is to have many words in a package. To select the desired word in a package, 
the required address bits must be directed to each package. Therefore, the address 
loading will be a function of the number of words and the number of bits. For 
this reason, the first place that additional drive circuitry will be required is in the 
address and read/write path.1 This is indicated by the additional buffer shown in 
this path in Fig. 9.2. 
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Fig. 9.2. A simplified expanded memory system. 

If the total words required is greater than the words in a package, then separate 
packages must be selectively activated for the expansion. This is accomplished by 
using a decoder in the address path, energized by the significant address bits that 
designate the packages to be selected by the decoder. The decoder selects a particu­
lar line out of a number of outputs. Each package connected to this line will be 
enabled through the memory enable or chip select input on the storage element. 
To obtain expansion, the decoder had to be inserted in the address path; therefore, 
the associated time delay must be accepted. The load on the decoder output line 
is a function of the number of bits in a word. Thus, for larger systems, buffering, 
as indicated in Fig. 9.2, may also be required on the output lines of the decoder. 
This adds additional propagation time delay. 

The data-in lines will be isolated according to the specific bit in a word.2 Common 
lines handle the same bit in all words. The loading is a function of the number 
of words. Buffering may be required. 

The data-out lines will also be isolated by bits, and again, as with data in, common 
lines handle the same bits in all words.3 The number of lines connected together 
is given by the Greek symbol '11. The output lines are designed to be connected 
on common buss lines, and later discussion will point out that loading is most 
commonly constrained by the ac response rather than the dc limitations. If the 
data-out line loading is limited to less than the required loads, then common practice 
is to use multiple sense amplifiers, dividing the loads to a certain maximum per 
sense amplifier. The data are then combined at the sense-amplifier outputs. 

9.2.1 Loading Factors That Occur in a Memory System 

Designers will be concerned with the loading on lines that must be energized by 
drivers or logic gating or sensed with amplifiers. The loading factors for a memory 
system can be expressed as equations. (In fact, in later figures that describe memory 
system applications, circled numbers appear on the figures to signify the loading.) 

For the address (A) and read/write (R/W) or write enable (WE), Eq. (9-1) specifies 
the loading. 
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where Wy = total words required 
WI = words in an individual package 
BN = total bits required 
B I = bits in an individual package 

ILF = input load factor 

(9-1) 

The input load factor, ILF, needs clarification. It is a measure of the type of 
excitation that an input requires for activation. TTL inputs require a driver with 
a current sink; the input load factor is the amount of current per input. In like 
fashion the ILF for other circuits may be the amount of current that must be 
supplied, or the capacitance that will load the output to determine the ac response. 
The load on an input line is the number of loads times the input load factor. 

Individual package address and read/write must go to each package in parallel. 
Therefore, from Eq. (9-1), the load LA on the drivers for these lines is a function 
of the words and the bits required. 

Examining the loading factors shows that the number of memory enable or chip 
select lines SL that must be decoded are: 

S - Wy 
L-

WI 

and the load on each decoded line LD is 

Ln = (~;) ILF 

(9-2) 

(9-3) 

where Wy , J-JIi, BN , BI , and ILF are as for Eq. (9-1). Equations (9-2) and (9-3) 
are applicable to only a single decode line. Matrix decoding of enable lines will 
have different loading equations. 

Data input line loading is only a function of the number of words given by 

LIN=(~)ILF (9-4) 

Data output line loading is different than data in, even though common lines for 
specific bits from each word are used in the same manner. The load on data output 
lines is controlled by the number of lines that are connected to the same buss. 
In order to evaluate this loading, the number of lines 11 that will be connected 
together must be known. The number, which is a function of number of words 
required, is determined using Eq. (9-5). 

Wy 
11=­

WI 
(9-5) 

Examining the loading factors shows that LA is the largest factor. It is a function 
of words and bits; the other factors are just a function of either words or bits. 
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9.3 TIMING 

The second subject, timing, concerns the propagation delays that will exist in a 
memory system. There are three major times specified for memory systems: access 
time, write time, and cycle time. Access time is defined as the time delay from 
the application of appropriate address signal levels to the presence of valid data 
signal levels at the outpUt.4,5 Write time is defined as the time of application of 
a write enable signal level so that successful writing of new data is guaranteed in 
the storage element. Obviously, the data-in and address signals must be present 
and in correct time sequence to write data into the selected cell. Cycle time is the 
basic time period required by the memory system to accomplish its requested 
operation,5 whether it be read then write, or read/read, or write/write, or write/read. 

9.3.1 System Access Time 

Access times, write times, and cycle times in a memory system are determined 
by a number of factors. The various time delays associated with access time in 
a memory system are shown in Fig. 9.3. System access time is made up of two 
portions: that internal to the storage element, and that external in the support 
circuitry. The internal access times are characterized by three times. The first is 
tpA' which is the access time for valid data at the output after application of address. 
This is due to the decode and sensing delays in the storage element. The second 
is t pAE' which is the access time for valid data at the output after application of 
memory enable with address present. The storage element takes time to respond 
after being enabled because ofintemal gating delays. The third is a path determined 
by the application of the read/write mode signal, write enable. This has been 
characterized as t pAWE ' The write enable signal requires special timing which will 
be discussed shortly, but since this signal is buffered the same as address, it usually 
is not the determining delay path for access time. The concern then will be with 
the first two. 

To determine the system access time by including the external delays, two major 
delay paths can be expressed as 

or 

tpAT = tpBA + tpA 

tpAT = tpME + tpAE 

Both equations use the change of data at the address register as t = O. 

(9-6) 

(9-7) 

Equation (9-6) is the system access time tpAT when the time delays are considered 
from application of address to valid data at the output. It includes as terms t pBA ' 

Address Buffer ~ tPA ~ 
register-- tpBA I r __ o~a~e _______ --, 

I 
W Decode + sense delay I ~ Data 

I delay t I ) out 
Decode Timing! : 

t'j' WE~Bt~::~=1f+~:~F~AE 
Fig. 9.3. System access time. 
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the buffer delay in the address path, plus the internal access time for the storage 
element tpA • 

Equation (9-7) is the system access time tpAT when the time delays in the enable 
path are considered. The terms tpME and tpAE are the time delay in the decoder 
for enabling selected storage elements and the internal enable delay, respectively. 
Of course, if additional sense amplifiers are placed externally, they will contribute 
additional propagation delay. 

Memory system access time will usually be determined by these paths.6 The 
longest time delay resulting from Eq. (9-6) or (9-7) will be the worst case access 
time. Since decoding delays are usually longer than buffer delays, if tpA and tpAE 

internal to the storage element are specified with nearly equal values, then Eq. (9-7) 
will usually determine the access time. In the latest storage element designs, it has 
been an objective to reduce the enable access time to a minimum such that a large 
delay can be added in the enable path before this path becomes the limiting path 
on access time. 

Before proceeding with the delay paths that determine write time, a critical timing 
requirement and sense line recovery of the storage element must be analyzed. 

9.3.2 Address, Write Enable, Data In, and Data Out Timing 

Figure 9.4 shows the signals for address, write enable, data in, data out, and 
memory enable. To write information into the storage element reliably, the write 
enable signal must be active, in this case low, for a minimum time tw while address 
is present and the storage element is enabled.5 Also, address must be held for a 
given time thold after write enable returns to the high state. Special timing is required 
on the write enable signal to maintain this time relation at the storage element in 
the memory system. The data to be written must be set up for a minimum time 
from write enable and held after write enable; this timing is usually no problem. 

There is a sense line recovery characteristic that manifests itself as noise on the 
output as shown. This is caused by a residual voltage left on the internal data lines. 

~o:::.:;/(_______ ~ 
~ 

ME ~'Io.....-.._--// 
Fig. 9.4. Timing diagram showing signals 
for address, write enable, data in, and data 
out. 
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It occurs after write enable returns high. This sense line recovery happens in time 
as a new address is being established, so although there is noise on the output line, 
it occurs during the time that data are not valid and is a problem only in the most 
critical speed requirements. The most serious effect is when the memory is enabled, 
written into, and then without changing address, a check is made on the data by 
reading them. Here, tSR can be the limiting time in the cycle. 

9.3.3 Write Time 

The write time, like the access time, is dependent on a number of time delay paths 
in the memory system.4 Figure 9.5 identifies these. Again, the time delays are 
external and internal. In this case, the internal delays of the storage element are 
t wand thold' These are the same times that have been discussed in the previous 
section. The external delays in several cases are the same as for access time. 

One time delay path is that which enables the memory storage elements. The 
memory cannot be written into until enabled. This was shown in Fig. 9.4. The 
delay in the enable path tpE is 

(9-8) 

which is a sum of the internal delays and the external delay through the decoder 
in the enable path. 

The write enable (or read/write) signal path is another delay path. The storage 
element will not write information until it receives the control signal to do so. The 
time delay tpwE is 

(9-9) 

Again, the internal delays, plus the buffer delay in the read/write signal path, are 
the major paths for determining write time. The address and data paths could also 
determine write time; but the address buffering is the same as write enable, while 
the data buffering is usually less. Obviously, the longest time delay of Eqs. (9-8) 
and (9-9) will determine the worst case write time. 

9.3.4 Cycle Time 

The cycle time period must be as long as the longest time of either access or write. 
Some design margin is usually added to provide a safety factor. However, in many 
cases, operating time in the cycle may be required for parity check, or other error 
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detection and correction, or for other logical operations. This, then, extends the 
cycle time beyond the minimum determined from access or write time. 

9.4 OUTPUT FAN-OUT 

Proceeding with the general discussion, the third subject is output fan-out. 

9.4.1 Comparison of Open-collector and Three-state Output Configurations 

Normally, two types of outputs shown in Fig. 9.6 are available with TTL RAM 
storage elements: an open collector output and a three-state output. The memory 
outputs are shown dotted together on a common output line that feeds a TTL gate 
or gates. Only one output is low at anyone time, and a transistor sinking current 
to ground is available for each output case. All other outputs are off to allow the 
output to go high as required for the two binary states. The number of outputs 
dotted together is Y'/ and the capacitance at the output mode is Y'/ times the capacitance 
of each output plus the input capacitance of the driven gate or gates. The values 
are approximately the same for both cases. Note that in Fig. 9.6a the open collector 
dot (connection of multiple gates in parallel on the same buss) requires a pull-up 
resistor, while the three-state output, because it has an active device pull-up, does 
not. This is the design feature of the three-state output. Even with the active 
pull-up it has a high impedance state where both totem pole transistors are off, 
allowing the connection to a common buss line. This is not possible with the 
standard TTL totem pole output. 

The open collector pull-up resistor of Fig. 9.6a has a minimum value and a 
maximum value calculated from equations that consider the dc conditions when all 
outputs are high or if one output is pulled low. The maximum resistor value is 
given by7 

v: - v: Max RL = CC OH 

(Y'/)IoH + N(IIH) 

Memory 
outputs 

I 
I 
I 

TTL gate(s) 

I I I 

-I I I~ - I L~ D-H -
I Il"7CO+ Ci 

~J 

Memory 
outputs 

Vee 

(a) Open C (b) 3 state 

Fig. 9.6. TTL RAM outputs. 

(9-10) 
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and the minimum value by7 

M · R Vee - VOL In L = ---.....:..-'---~-
IOL MAX - (N)IIL 

where 1] = number of dotted gates 
N = number of driven TTL gates 

VOH = minimum high logic level (2.4 V for 54/74 TTL) 
VOL = maximum low logic level (0.4 V for 54/74 TTL) 
IOH = maximum output current at high logic level « 20 p.A) 
IOL = maximum output sink current at maximum low logic level 

(54/74 TTL-16 mA) 

(9-11) 

IIH = maximum input current at high logic level « 40 p.A for 54/74 TTL) 
IlL = maximum input current at low logic level (1.6 mA for 54/74 TTL) 

Equation (9-10) can be used to solve for 1], the number of dotted gates allowed. 
This is 

Vee - VOH - NIIHRL 
1] = -'.-=--~'-----==---= 

IOHRL 
(9-12) 

where RL now is any value that is within the minimum and maximum values. The 
minimum value of RL will give the largest allowed 1]. The minimum RL is calculated 
using Eq. (9-11) and the selected TTL specifications. 

With an output transistor sink capability of 12 mA and driving one TTL gate, 
the minimum resistor value is 475 Ohms, and the dc fan-out from Eq. (9-12) is limited 
to 246 dotted loads. Similar calculations for the three-state output limit the dc 
fan-out to 256 dotted loads. 

Dc fan-out is not the problem: ac fan-out is. It is the transition from low to high 
level that limits the ac fan-out. The output signal transition from high to low is 
no problem because of the low impedance discharge path. To understand this, refer 
to Fig. 9.7. 

The capacitance of the dotted loads is represented by 1]Co ' For the open collector 
example of Fig. 9.6a, the capacitor is charged from a circuit with RL to Vee' At 
t = 0 the voltage across the capacitance is VOL or a small value compared to Vee' 

I 

V t 4"lCO 

at t = a 
Fig. 9.7. Factors limiting ac fan-out for open-collector outputs. v=VOL 
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If the capacitor is allowed to charge fully, it will charge to a voltage of Vee and 
the charging current would be an exponential function. However, during the time 
of a voltage change from VOL to a TTL high threshold level of, say, 1.5 V, it is a 
good approximation to consider the charging current to be constant. 

Under these conditions, the time to charge the capacitance y/Co with a constant 
current I to a final voltage VF is 

III = VF - VOL ( C ) 
I Y/ 0 

Now, to a first approximation 

and 

1= Vee - VOL 
RL 

III = RL (y/C
o

) VF - VOL 
Vee - VOL 

(9-13) 

(9-14) 

(9-15) 

Therefore, the charge time is a function of the load-resistor load capacitance time 
constant. This is not true for the three-state output. Refer to Fig. 9.8. The current 
is limited only by the characteristics of the output pull-up transistor: that is, the 
amount of drive, the current gain, and the output impedance. Therefore, to a first 
approximation, the time for charging the capacitance y/Co is given by Eq. (9-13) and 
is limited only by the constant current that can be supplied. For many three-state 
TTL RAMs, the output current is still 10 to 12 rnA when the output voltage is 2.4 
V and the average charging currents are 20 to 50 rnA. 

One can calculate the ac response load limit for the open collector by using Eq. 
(9-15) and solving for Y/. If RL is the minimum value of 475 Ohms, and Co equals 
6 pF per output, the ac fan-out for the open collector output is limited to 20 if the 
output voltage is to change 1.5 V in 20 ns. 

By using Eq. (9-13), the tri-state output would have a much larger limit of 40 
if the average charging current is assumed to be 20 rnA. Stated another way, if 
there are a given number of loads to be driven (representing a given capacitance), 
then the output response from low to high would be much faster with the tri-state 
output than with the open collector. 

For the system applications in the remainder of this chapter and in Chaps. 10 and 
11, the 20 ns will be assumed as adequate and no comment will be made on output 
loading unless the fan-out exceeds the above limits. 

Vee 

Fig. 9.8. Factors limiting ac fan-out for three-state outputs. 
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Fig. 9.9. Transient reliability of three­
state outputs. 

9.4.2 Reliability of Three-state Output 

ME, 

Out 

Disable 8 ns 

Enable 17 ns 

Dc Case. The question naturally arises: Is there a reliability problem with the 
three-state output? With the dc case, in the event that two memories are activated 
on a buss simultaneously with one active high and another active low, there is a 
current limit designed into the output stage, such that catastrophic failures will not 
occur. Of course, this condition does cause an error and must be located and 
eliminated, but the parts will not be destroyed. What about the transient case? 

Transient Case. Figure 9.9 shows two storage elements dotted at the output. First 
of all, element number one is active and element number two is inactive. Now 
consider number one is disabled and number two is enabled. The number one 
element is disabled from the buss line in about 8 ns. The number two element 
is not enabled to the buss line until about 17 ns. Assuming the memory enables 
are activated simultaneously, there should be no short circuit generated between 
units as long as the skew between memory enables is maintained at less than 8 ns. 

These general discussions have now established tools that can be used to guide 
the application of the storage elements in memory systems. 

9.5 APPLICATION OF THE STORAGE ELEMENTS IN MEMORY SYSTEMS 

9.5.1 Memory Systems up to 256 Words 

The first memory system requirement is a small scratch-pad memory, 128 words 
by 16 bits. A cycle time less than 100 ns is desired. To implement this system, 
a storage element organized less than 256 words in a package must be used. A 
common element is a 64-bit TTL bipolar RAM (SN7489). In Chap. 4 a picture 
was shown of the integrated-circuit chip and some of the characteristics were dis­
cussed. These will be summarized again so that all parameters are understood before 
the application begins. 

Organization ........... 16 X 4 (16 words by 4 bits) 
Decode. . . . . . . . . . . . . . . Fully decoded 
Signal levels ........... TTL logic levels 
Output ............... Open collector 
Access time tpA ••.•.•••• < 60 ns 
Access time tpAE ••••••.• < 50 ns 
Power dissipation ....... 375 mW total 

5.85 mW per bit 
ILF ................. 1.6 MA 
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Terminals 
4 address 
4 data in 
4 data out 
WE (read or write) 
ME (memory enable) 
Vee 
GND 

A block diagram is shown in Fig. 9.10. The storage element is in a 16-pin 
package. The inputs are buffered so the load is one standard TTL and are also 
clamped to suppress noise. The four data outputs have a standard TTL open 
collector output. 

With the full decoding, each of the 16 words is selected with a straight 4-bit binary 
address. The maximum access time is less than 60 ns from address application, 
and 50 ns from enable application if address is present. Typical times are 35 and 
30 ns, respectively. With these two access times nearly the same value, it becomes 
quite likely that the memory enable path delays will determine access time rather 
than the address path. The typical power dissipation is 5.85 mW per bit. Internal 
delays occur in the input buffers and l-of-16 decode. The memory enable logic 
is implemented in the buffering circuitry and read/write control is on the output. 

Table 9.1 lists the condition that exists at the storage element output for given 
signals on memory enable and write enable. In some cases outputs of storage 
elements that are not enabled can cause erroneous signals in a memory system.4,5 

Therefore, the conditions are checked as shown in the following examples. 
To write into storage, write enable and memory enable must be low and, at that 

time, the complement of the data appears at the output. Of course, normally in 
storage applications, these data are not used at this time and are not necessary. 
But there may be cases where the memory could be used for a register at this time 
and this could be an advantage. 

To read out the storage, and it is a nondestructive read, memory enable is low 
and write enable is high. The complement of the data stored is presented at the 
output. To disable the storage element, both memory enable and write enable 
should be high. In this mode the output condition is high allowing other memories 
that have been coupled on the output to control the condition of the bit lines. 

Ao 
Al 
A2 
A3 

ME 

WE 

Vee GND 

16x4 
matrix 

Data in 

Fig. 9.10. Block diagram of a 64-bit TTL 
RAM (SN7489). 
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Table 9.1 . Condition of Output for Specific 
Enable Control Signals (64-Bit RAM) 

ME WE Operation Output 

--
L L Write Data in 
L H Read Data stored --
H L Inhibit store Data in 
H H Do nothing H 

With memory enable high and with write enable low, corresponding to inhibiting 
all storage elements except the ones that are enabled for writing, the output condition 
is the complement of data in. Therefore, the output for a given bit line is in concert 
with the bit line condition of the storage element that is enabled and receiving data 
for storage. 

9.5.2 Checking the Loading 

The system has 128 words and 16 bits; therefore, WM = 128 and BN = 16. The 
storage element has -w;. = 16 and B[ = 4. The ILF equals 1.6 rnA for one standard 
TTL load. With this information and the previous equations, the loading factors 
are calculated. 

The address line and write enable (R/W) line loading is, from Eq. (9-1), 

L = 128 X l&. X ILF = 32 ILF (9-16) 
A 16 4 

Or the driver must be able to drive 32 standard TTL loads. Correspondingly, from 
Eq. (9-2), the number of memory enable lines to be decoded is 

SL = 128 = 8 
16 

because only one memory enable input is available. 

(9-17) 

In the diagrams this load will be identified with a triangle around the number, 
e.g., ~ . Other loads will be circled. 

The loading on the decoded lines is 

16 
LD = 4 X ILF = 4 ILF (9-18) 

frorp. Eq. (9-3), or four standard TTL loads. 
The data-in line load is eight standard 

128 
LIN = 16 X ILF = 8 ILF (9-19) 

TTL loads using Eq. (9-4) and the eight outputs are paralleled onto a buss line as 
defined in Eq. (9-5): 

(9-20) 
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9.5.3 128 X 16 Memory System 

Address Line Buffering. Keeping in mind the load factors, the memory system 
can be expanded in two fashions: One is to buffer the address lines and the other 
is to parallel address registers. The block diagram in Fig. 9.11 shows the address 
line buffering. 

This system uses a 3-to-8-1ine decoder, one of 8 memory enable lines low. Each 
decode line has a load of 4, per Eq. (9-18), to provide the 16 bits for each word. 
The 4 addresses going to all units in parallel are buffered by a driver which can 
drive up to 37 loads, well within the 32 required. A buffer delay has been introduced 
in the address line and a decode delay in the memory enable line. 

The write enable signal is also buffered by the same type driver as address, but 
at the same time it is used as a gate to control the write enable timing. A board 
enable signal connects to the 3-to-8-1ine decoder (SN74155) and the write enable 
gate. All ME enables are high when board enable is high and no storage elements 
are selected. 

The address registers feed the address and read/write control signals to the 
drivers. An extra register stage is available (SN74175) and its output can drive 
another board to implement a 128 X 32 system. Or the complement of the address 
can be used to implement a 256 X 16 system by selecting the second board through 
the board enable. 

A similar register to the address register can be used to drive the load of eight 
on the data-in lines without additional buffering. 

The data outputs have 8 lines in parallel on each bit line buss. 
Paralleling Address Registers. The past discussions have considered supplying the 

address line load with a buffer. This load can be supplied another way-by paral­
leling address registers. This provides the address fan-out without a buffer delay, 
but does require additional loading on the source driving the register. In addition, 

I 
128 x 16 

1-74174 I 2-74H40 1-74H40 
WE timing W 

R/W E 
Board enable ~~llIB}@ / ,/ 

R/W )1 Buffer r----L.-,---JI----,-_...L----.,-L-+----. 1 Data out 
/ Ao t> 1 2 3 16 bits 

// 74155 A1 t> 
1-74175 r A2 t> @ I--++-~ 17= ® 

A4 MEo A3t>~~_~~~~-~~-~~ 

A5 III~ 
A6 

A7 I Aot> 5 
I A1 t> 

8 6 7 

ME7 A2t> ® 
(D A3t>~_.-~~~~ __ ~~--~~ 

ME7 
Board enable 

128x 32 

® 
tttt 
Data in 
16 bits 

Fig. 9.11. Expansion for a memory system using address line buffering. 
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Address 
buffering 

8) CD Memory 4-7420 
enable 

7 Ao 7 A2 MEo 

4 Al 4 A3 

1 A2 1 Ao 

7 A3 7 Al 

4 Ao 4 A2 A4 7 
A, A3 

A5 
4 
1 

Ao A6 7 
7 5 
4 Al A7 
1 A2 

7 A3 

4 Next 
R/W R/W board 

Parallel registers ME7 

(a) 
Gate decoding 

(b) 

Fig. 9.12. Parallel address buffering and gate decoding. 

if maximum speed performance is the objective and the decoder delay limits the 
performance, the memory enable decoding can be obtained with only one gate delay. 

Both of these concepts are shown in Fig. 9.12. Instead of the buffer driver of 
Fig. 9.11, two more address registers are added for the addresses A 0 to A 3 as in 
Fig. 9.12a. Each register drives 8 loads times the address source fan-out of 4 results 
in satisfying the address loading of 32 for LA in Eq. (9-16). 

Since the address register used for A4 toA7 has both true and complement outputs, 
these could have been supplied to dual 4-input gates to provide the I-of-8 memory 
enable decoding with only one gate delay. This is shown in Fig. 9.12h. 

Performance Comparison. How do the two systems compare? First, worst case 
access times are shown in Fig. 9.13. 

Refer to the access times using standard TTL [Fig. 9.13(1)]. The fastest times 
(70 ns) are obtained using case A, the parallel registers, and the gate decode. Note 

~ 
Address path, ns Enable path, ns 

Memory time 
system tpBA tpA tpAT tpME tpAE tpAT 

I. Standard TTL 
A. Parallel 

0 60 60 20 50 @) 
registers 

B. 74H40 Buffer 
12 60 72 34 50 ® 74155 Decode 

II. Schottky TTL 
A. Parallel 

0 60 @) 5 50 55 
registers (74S20) 

B. 74S40 
7 60 ® 15 50 65 

74S138 

Fig. 9.13. Access times of 128 X 16 memory system. 
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~ Memory Write, 
system ns 

I. Standard TIL 
A 65 
B 79 

II. Schottky TIL 
A 52 
B 60 

Access, 
ns 

70 
84 

60 
67 

Cycle, 
ns 

75 
90 

65 
75 

Fig. 9.14. Write, access, and cycle 
times for 128 X 16 memory sys­
tem. 

the worst case path is the enable path. Similarly, in case B, using the decoder and 
address buffer, the worst case access time is determined by the enable path. In 
this case, the external delay by the decoder is 34 ns of the 84-ns total. There is 
greater than a 15 percent improvement in access time by using parallel buffering 
in the system. 

Additional improvement in access time can be obtained using faster peripheral 
circuits. As an example, in Fig. 9. 13 (II), the access times calculated from data sheet 
specifications are listed, using faster TTL circuits of similar types. The improvement 
in access time is 15 to 20 percent. Again, there are worst case times, and typical 
times are 60 percent of worst case times. Also, packaging delays are not included. 
The improvement between case A and case B is now only 10 percent, but note that 
the access time is now determined by the address path rather than the enable path 
because the decode delays have been reduced significantly. 

A similar check is made on write time using the internal delay of t w plus thold 

equal to 45 ns. These, along with the previous access times and resulting cycle times, 
are shown in Fig. 9.14. 

The improvement in write time is again 15 to 20 percent between the parallel 
registers and the address buffer and 15 to 20 percent as a result of faster peripheral 
circuits. Note also that cycle times, with design margins added, are determined by 
access time and not write time. Even with packaging delays added, the system 
should meet the 100-ns cycle requirement. 

Figure 9.15 summarizes the power used and the number of packages used (registers 
are included) as a further means of comparing the standard TTL systems. Recall 
that the A system is the fastest parallel register system and the B system is the buffer 
and decoder. More packages and power had to be used to get the increased speed. 
Also included are the packages and power used for a 128 X 32 or 256 X 16 system. 

128 x 16 

System No. PD 

A 43% 13.7 
B 41 13.4 

256 x 16 
128 X 32 

No. PD 

88 27 
81 26.2 Fig. 9.1 s. Package count and power dis­

sipation of the system. 
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Later a comparison will be made with the packages and power used for another 
256 X 16 system. 

9.5.4 Memory Systems Larger than 256 Words 

The requirement is now for a memory system which has 256 or more words. 
Many of the basic details stated in the general discussion have been applied and 
explained for the 128 X 16 system. Therefore, in the remaining applications, the 
memory system performance in many cases will be stated without repeating the 
detailed explanation. Large mainframe memories are covered in Chap. 11, thus 
the size in this chapter will be restricted to minicomputer mainframe size.8,9,lO 

Storage Element Characteristics. These systems can be implemented with a storage 
element that has 256 words or more. A common element is a 256-bit TTL bipolar 
RAM (SN74200), which was also shown in Chap. 4. Again the characteristics are 
summarized: 

Organization ........... 256 X 1 (256 words X 1 bit) 
Decode ............... Fully decoded 
Signal levels . . . . . . . . . . . TTL logic levels 
Output ............... Three-state output 
Access time tpA ••••••••• < 60 ns 
Access time tpAE ' • • • • • • . • < 30 ns 
Power dissipation ........ 500 mW total 

1.95 mW per bit 
ILF ................. 1 rnA 

Terminals 
8 address 
1 data in 
1 data out 
WE (read or write) 
3 ME (memory enable) 
Vee 
GND 

A faster Schottky version of this same storage element (SN74S200) starting into 
production has the following improved speed/power characteristics: 

tpA ••••••••••••••••.• <50 ns 
tpAE ••••••••••••••••• <35 ns 
Pn .................. 435 mW per total 

1.7 mW per bit 

Units built with oxide isolation have a similar performance.l1 These parts may be 
substituted in the following application for even faster times, but for the present 
the standard TTL unit will be used. 
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Several important differences are apparent with this storage element. The first 
is the access time. Even though the bit density is now 256 bits, the address access 
time is still not greater than 60 ns; what is more important, the enable access time 
is now only half this value. With the enable access time one-half that of address 
access, there will be fewer occasions where the enable path will determine the access 
times. There are three active low memory enable decode inputs rather than one 
for the previous storage element. These will aid in expanding into larger memory 
systems. Another difference is the low-level input current of 1 mA instead of l.6 
mA for a standard TTL gate. This means 40 percent more memory can be driven 
by the standard TTL support circuitry. There is one data output which has a 
three-state output instead of an open collector-again, an improvement. Another 
improvement is that the power per bit has been reduced by a factor of 3 compared 
to the previous storage element. All these are pointed out as the design directions 
that are significant improvements for the implementation of a system.2 

Storage Element Block Diagram. As shown in the block diagram (Fig. 9.l6), 5 
of the 8 input address binary bits go to a 1-of-32 decode which selected 32 rows 
of 8 bits. The 8 bits are decoded by column with a 1-of-8 decoder operating from 
the remaining 3 input binary address bits. The enable logic is now in the output 
along with the sense and write circuitry. As before, all logic levels are TTL compat­
ible. 

This storage element uses diode coupling to the digit lines from the flip-flop cell 
as discussed in Chap. 4,12 rather than a multiple-emitter cell,13 which is used in the 
64-bit RAM. 

A check of the output conditions for various states of write enable and memory 
enable logic signals is made by referring to Table 9.2. 

All memory enable inputs must be low, and write enable must be low to be in 
the write mode. The output is then in the three-state off or high impedance stage. 
In the read mode, all memory enable inputs are low and write enable is high. The 
output condition is then the complement of the data stored. With at least one 
memory enable high, the storage is inhibited and the output is in the three-state 
off condition-no matter what the state of write enable. 

Storage Element Timing. In the system, the timing that was discussed for the 
storage element must be observed. tw for the SN74200 is 35 ns and thold is 15 ns. 
These time relations control the special timing that must be put on write enable 

Input 
buffers 

Input 
buffers 

256-bit 
matrix 

Data WE ME 
in 

Data out 

Fig. 9.16. Block diagram of a 
256-bit TTL RAM (SN74200). 
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Access < 60 ns 
WE timing Pkgs 21 1/4 

Po 9 W 

Fig. 9.17. Organization of a 256 X 16 system using a 256-bit RAM. 

in relationship to address. For the 128 X 16 system, this timing input was shown 
as write enable timing. In the systems that follow this identification is continued. 
One very simple way of generating this timing is to use a monostable multivibrator 
(SN74l2l) triggered from the clock that times the registers. Another way, of course, 
is to generate phases from a master clock and use logic to provide the timing. 

9.5.5 256 X 16 Memory System 

Figure 9.17 shows the organization of a 256 words by 16-bit system using 16 storage 
elements and one 2-input gate for the memory proper. Four packages with six 
D-type flip-flops are used as address and data-in registers. A quad D flip-flop with 
complementary outputs (SN74l75) completes the register. There is no buffering 
or decoder delays. This 256 X 16 system represents quite a saving in packages and 
power compared to the 256 X 16 system using the 64-bit RAM packages, about 
one-fourth of the packages and one-third of the power with improved performance. 
Of course, the use of the 64-bit RAM was because of a 128-word requirement which 
cannot be met with the 256-bit RAM without wasting capacity. 

Table 9.2. Output Conditions for Specific 
Enable Control Signals (256-bit RAM) 

ME* WE Operation Output condition 

L L Write High Z state 
L H Read Data stored 
H X Inhibit High Z state 

*L-All ME inputs low. 
H-At least one of ME inputs high. 
X-Don't care. 
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This system has the memory enable signal available for another board so that 
a 512-word by 16-bit memory with 60-ns access time can be implemented by just 
paralleling address registers. So much for the small memory; now a larger memory 
system is required. 

9.5.6 XYZ Decode 

As larger memory systems are designed using the individually packaged storage 
elements with more than one enable input, a choice must be made as to how many 
memory enable inputs are going to be used for decoding. For the 256-bit RAM 
only one may be used, or only two, or all three. Our choice is to design a system 
which uses all three. Such a decode system is usually called an XYZ decode and 
is illustrated in Fig. 9.18. One enable input is associated with each axis and each 
axis has various planes of units each with a memory enable input associated with 
it. The plane contains a matrix of storage elements. The X selection memory enable 
input not only selects a row of storage elements but it selects a full plane of storage 
elements determined by this row selection. Similarly for 1': the column selection 
by Y memory enable input determines a full plane of storage elements. The Z 
memory enable selection picks the full plane of Z storage elements to be activated. 
This Z plane contains the previously selected X row and Y column selected devices. 
Thus, the individual storage element, at the intersection of the X, 1': and Z plane, 
is activated. 

The total number of storage elements to be decoded is a function of the number 
of planes decoded for each axis. Each plane parallel to the plane of the axis requires 
a decode line. If there are L planes parallel to each axis, then the total elements 
decoded are 

Total decoded elements = XLYLZL (9-21) 

Now this is quite a powerful technique, but care must be exercised because the 
load on the memory enable inputs increases rapidly. The load on each memory 
enable driver is the number of devices in the plane for that enable input. For 
example, if L 1, L 2, and L3 lines are decoded respectively for the x:. 1': and Z planes, 
then the load on the respective driver is 

X load = YL2Z L3ILF (9-22) 

Y load = XL1ZL3ILF (9-23) 

Fig. 9.18. XYZ decode. 
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and 

Table 9.3. Application of XYZ 
Decode to a Square Matrix 

L Load Elements* 

2 4 8 
4 @ 64 
8 64 512 

16 256 4,096 

*256 X 1. 

Words 

2K 
16K 

128K 
1,024K 

ILF is again the input load factor and will be 1 rnA for the 256-bit RAM. 

(9-24) 

Now what about a square matrix where the decoded lines are equal for each axis? 
Table 9.3 shows the loading. 

The driver load is shown in the column titled "load." With only 16 decode lines 
per axis, one million words can be selected using a 256 X 1 storage element. The 
load per plane is 256 and has to be buffered accordingly. The system selected for 
this discussion is one where the load on each enable is a fan-out of 16 or 16 rnA 
using the 256-bit RAM. This allows the use of standard TTL decoders without 
additional buffering. It provides up to 16 thousand words. 

9.5.7 16K Word System 

The matrix arrangement of storage elements to be assembled on a board to allow 
selection of up to 16K (16,384) words is shown (Fig. 9.19). In addition, for memory 

x 

--~) 0 01 
---~~002 
---) 0 03 
---) 0 04 

'77=16 

z 
Fig. 9.19. Matrix arrangement which provides up to 16K words. 
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expansion, each board would contain identical segments of storage elements, driver 
circuits, logic gates, and decoders. 

There are 64 storage elements arranged 4 X 4 X 4. Each Z plane represents 4K 
words times 1 bit. This means that one data-in line and one data-out line serve 
each Z plane. With this arrangement, the organization of storage elements on the 
board can then be changed very easily. The circled numbers are the loads of devices 
on each line. Since the 256-bit RAM ILF is 1 rnA, these numbers represent milli­
amperes of load. All Z memory enable lines connected together make the board 
a 4K-word by 4-bit with a Z load of 64. Pairs of Z memory enable lines connected 
together make the board an 8K X 2-bit with a Z load of 32. Activating each 
memory enable line separately makes the board a 16K X I-bit with a Z load of 
16. 

The address and write enable must feed to all packages in parallel and, therefore, 
have a load of 64. The four data-in lines have a load of 16. The collector dot 
on each output bit line is 16. 

9.5.8 4K X 4 Board 

This matrix with the peripheral circuits is shown in the block diagram of Fig. 
9.20. Two gates of a quad 2-input gate are paralleled to supply the drive for the 
address and write enable lines that feed all 64 packages. Write enable timing is 
ANDed with the write enable signal. The buffer delay is 20 ns. 

Two address bits are decoded to four lines for both the X and Yaxis, as previously 
discussed for Fig. 9.19. A board position for a similar decoder, which can drive 
16 rnA and has a 34 ns decoder delay, is provided if the board organization were 
to be changed. The organization chosen for the board is 4K X 4, and this decoder 

Data 
out 

o 
1 
2 
3 

--.., 
I 
I 
I 

1--1-............... _1 _______ J 
WE 

timing (R/W) 

Fig. 9.20. Block diagram of 4K X 4 memory board. 
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Fig. 9.21. 4K X 4 package count. 

Package 

74200 
7437 
7404 
74155 

Type 

Storage element 
Quad 2-input buffer 
Hex inverter 
Decoder 

Count 

64 

5 
I 
2 

72 

is not required because all Z lines are driven in parallel. However, examples are 
shown for the 8K X 2 and 16K X 1 organizations if the additional decoder is used. 
For 16K X 1, the decoder (SN74155) shown is used as a 2-to-4-line decoder with 
the four output lines driving the Z lines. For the 8K X 2 organization, it is used 
as two I-to-2-line decoders operating in parallel to handle the load. The 4K X 4 
enable, identified as board enable, is inverted before it passes through the parallel 
SN7437 gates. At the same time the X and Y decoders are selected. All storage 
element enables are high if board enable signal input is at the high level. Therefore, 
this board is enabled when the input signal is at a low level. 

The board is in a read mode when write enable is at a low level and, obviously, 
in the write mode when the level is high. 

The four data-in signals are buffered through inverters. Also four data-output 
lines are provided due to the 4K X 4 organization. If the board is changed in 
organization, pairs of lines are dotted together for the 8K X 2 organization. All four 
lines are dotted together for the 16K X 1 organization. Care must be taken to 
consider the ac response desired on the 16K X 1 board organization because there 
are 64 dotted outputs. If these are dotted again, the load capacitance is greater 
than 640 pF and the ac response can limit the system performance. 

The access time for valid information at the output after application of address 
to the board is 80 ns worst case. The write time is within this time so that system 
cycle time can be set on the basis of access time. 

All the address and write enable buffer (SN7437) inputs are either two or four 
standard TTL loads. Broad enable has a load of three standard TTL loads. Other 
inputs are one standard TTL load. The board consists of 72 packages (Fig. 9.21) 
and dissipates 32.8 W of power. 

9.5.9 4K X 16 Memory System 

Further expansion is now possible with the use of the 4K X 4 board. A 
4K X 16-bit memory is required for a minicomputer mainframe. 

The 4K X 16-bit memory has four boards as shown in Fig. 9.22. Identical units 
are used for the four positions. Each position has its own 4 bits of data in and 
4 bits of data out. The inputs common to all boards are the address lines, board 
enable, write enable, and write enable timing, which are provided with additional 
buffering. The addition of this buffering, of course, is a disadvantage because it 
increases the access time of the 4K X 16-bit memory to 100 ns from an 80-ns access 
for the boards by themselves. 292 packages are used for the memory system with 
131.6 W power dissipation. This is 2.02 m W per bit compared to the storage ele-
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Fig. 9.22. 4K X 16 memory system. 

ment per bit power dissipation of 1.95 mW. This illustrates the small power con­
tribution by the peripheral circuitry. The major power dissipation is from the 
storage element itself and indicates again the emphasis placed on reducing the 
power dissipation per bit when designing the storage elements. Obviously, larger 
memory sizes to 32K words could be built with these boards with the extra de­
coder in place. 

9.5.10 Higher Performance 4K X 16 Memory System 

There is a simple modification that can be made to improve the performance: 
Replace the standard TTL with faster (Schottky) modules. This is shown in Fig. 
9.23. For example, the SN7437 can be replaced with the SN74S40. The SN74S04 
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Fig. 9.23. Modification of 4K X 4 memory board (shown in Fig. 9.22) 
to improve performance. 
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Fig. 9.24. 4K X 4Schottkypackagecount. 

Package 

74200 
74S40 
74S04 
74S138 

Type 

Storage element 
Dual 4-input buffer 
Hex inverter 
Decoder 

Count 

64 
5 

1 

71 

replaces the SN7404, and one SN74S138 replaces two SN74155 because the 
SN74S138 is a true dual 2-to-4-line decoder with separate address lines. Each 
SN74S40 has a maximum output current specified at 60 rnA. It is being extended 
a bit to drive the 64 rnA required, but this is no problem. A dual 4-input gate 
(SN74S40) is replacing a quad 2-input gate (SN7437). 

With these package changes, the board package count is now 71 packages (Fig. 
9.24), the board access time is reduced by about 20 percent to 67 ns, but the power 
dissipation has increased by 0.4 W to 33.2 W. 

The 4K X 16 memory is built the same as before (Fig. 9.22). The dual 4-input 
Schottky buffer gate (SN74S40) is also substituted for the additional address and 
enable line buffering for the 4K X 16 memory system. However, eight packages 
are used instead of four, but, because a package was saved per board, the number 
of total system packages is the same. 

Refer to Fig. 9.25 for this comparison. The system speed performance was 
improved by over 25 percent, using the faster TTL modules (73 ns). For this only 
a little over a watt more power was dissipated (133.3 W) and, as stated, equal number 
of packages were used. A ~traight reduction in access time of 10 more nanoseconds 
and further power reductions are possible using the faster TTL storage element 
(SN74S200). 

9.6 SUMMARY 

In this chapter, several very important general topics that apply to all memory 
systems have been developed and these have been applied to systems from 128 words 
to 16K words. These concepts will continue to be used in the discussions that follow 
in the remaining chapters. 

Fig. 9.25. Speed, power, and 
number of packages of the 
4K X 16 memory systems. 

Type 
memory 

74200 
74200 

Support 
circuitry 

Std TTL 
Schottky 

Max 
access, 

ns Power Pkgs. 

100 132 292 
73 133 292 



234 Semiconductor Memory Design and Application 

REFERENCES 

1. J. K. Ayling, R. O. Moore, and G. K. Tu, A High-performance Monolithic Store, 
ISSCC69 Dig. Tech. Pap., pp. 36-37. 

2. M. G. Snyder, Bipolar Memories, EEE, 17(11): 62-67(November 1969). 
3. J. Gray, Design Considerations for a Bipolar 256 Bit RAM, IEEE Comput., 4(2): 

18-22(March/ April 1971). 
4. J. Springer, Making Sense out of Delay Specifications in Semiconductor Memories, 

Electronics, pp. 82-88, October 15, 1971. 
5. C. D. Talbert, Simplify Random-access Memory Selection, Electron. Des., 18(17): 

70-74(August 16, 1972). 
6. R. W. Bryant, G. K. Tu, T. C. Kwei, and R. H. Robinson, A High Performance LSI 

Memory System, Comput. Des., pp. 71-77, July 1970. 
7. R. L. Morris and J. R. Miller, "Designing with TTL Integrated Circuits," pp. 48-49, 

McGraw-Hill Book Company, New York, 1971. 
8. R. K. Jurgen, Minicomputer Applications in the Seventies, IEEE Spectrum, 7(8): 

37-52(August 1970). 
9. T. W. Hart, Jf. and D. D. Winstead, Semiconductor Memory Systems-What Will They 

Cost? Electron. Eng., pp. 50-54, September 1970. 
10. B. A. Kute, Design Considerations for Semiconductor Random Access Memory Systems, 

IEEE Comput., 4(2): 11-17(March/April 1971). 
11. W. D. Baker, W. H. Herndon, T. A. Longo, and D. L. Pelzer, Oxide Isolation Brings 

High Density to Production Bipolar Memories, Electronics, pp. 65-70, March 29, 1973. 
12. D. A. Hodges et aI., Low-power Bipolar Transistor Memory Cells, IEEE J. Solid-state 

Circuitry, SC-4(5)(October 1969). 
13. L. L. Vadasz, H. T. Chua, and A. S. Grove, Semiconductor Random-access Memories, 

IEEE Spectrum, 8(8): 40-48(May 1971). 



10 

MOS Random Access Memory Applications 

10.1 INTRODUCTION 

This chapter concerning random access memory applications concentrates on MOS 
random access storage elements providing basic tools and techniques for the appli­
cation of MOS storage elements to specific systems. Because of the scope of this 
subject, not every detail is covered. However, enough material is included to assist 
the designer to a successful conclusion of his memory design, even if a variety of 
storage elements are used. 

The special requirements of MOS random access memory are discussed first. 
Then, the means to implement these needs are detailed. Next, two systems of 64K 
(words) X l6(bits) are developed to illustrate the application of different types of 
MOS random access storage elements. The chapter concludes with a discussion 
of continuing developments in both p-channel and n-channel, including some im­
portant systems applications. 

To assure that everyone has a familiarity with MOS, the discussion of the special 
requirements of MOS random access memory begins with a review of several facts 
regarding MOS in general. 

10.2 FACTS TO KEEP IN MIND ABOUT MOS 

The first fact is that there are three basic MOS type devices: 1 p-channel,2,3,4 
n-channel, and complementary2 (which includes both p and n channels). Appli­
cation discussions focus on p-channel because these devices are in production and 
readily available, but the same techniques are easily applied to other types of storage 
elements. With the advent of n-channe14 devices some of the interface circuitry 
illustrated for p-channel will be eliminated because of the direct interface to the 
storage element from available TTL peripheral circuitry. Again, this should not 
detract from the techniques and approaches presented, but specific examples are 
shown at the end of the chapter. 

The second fact is that the MOS device is basically a high-impedance device with 
a transconductance of hundreds of micromhos. With an input that exhibits very 
high resistance, the MOS device is essentially a capacitive load. Therefore, input 

235 
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load factors (ILF) to MOS storage elements are characterized as capacitive loads 
that require charging to specified voltage levels. Thus, transient charging currents 
are generated at inputs and outputs. Output currents from MOS devices: (1) are 
direct functions of device physical size, (2) are generated from a relatively high im­
pedance source, and (3) deliver only hundreds of microamperes per volt of input 
voltage change for the fractional device sizes used in high-density storage elements. 

The third fact is that MOS usually requires some high drive voltage. For example, 
the p-channel storage elements used in the applications to be described later require 
at least 15 V drive. This means translation will be required from low-level logic 
voltages to the MOS drive levels. As mentioned, for n-channel devices, some of 
these interface circuits will be eliminated. However, many of the more economical 
p-channel devices will still require high voltage drive, especially on the clock voltages; 
even though other signal inputs are compatible with low level logic. 

A fourth fact is that MOS storage elements are designed to provide either static 
or dynamic storage. Bipolar storage elements provide static storage. With the 
advent of n-channel MOS, static designs that are directly compatible with low-level 
logic levels may offer much more density advantage than the present p-channel 
designs, which offer little density advantage over bipolar. Therefore, bipolar has 
served this market. 

Dynamic MOS storage elements have small cell areas and provide high-density 
packing. 3 These features allow economical fabrication and enable them to compete 
with and exceed core for mainframe memory applications. Because of these bene­
fits, the applications in this chapter concentrate on MOS dynamic random access 
storage. Static MOS designs would follow very closely the bipolar designs of 
Chap. 9. A simplified example is included later in the chapter. 

Dynamic MOS storage, because the information can deteriorate, has the extra 
requirement that it must be refreshed to maintain information.5,6 Therefore, a 
portion of the support circuitry required provides the control and timing for refresh­
ing the storage element. 

Dynamic MOS storage also has an additional support circuitry require­
ment-timed driving voltages that are called clocks. These are not required for 
the static bipolar storage elements. 

To summarize, then, MOS is characterized by: (1) high resistance inputs, (2) 
capacitive loading, (3) small output currents, and (4) need for refresh and clock 
circuitry. 

It will be beneficial to look at several of these, because they apply on a general 
basis to the applications. 

10.3 HIGH DRIVE VOLTAGE 

10.3.1 Typical Input Conditions 

Figure 10.1 shows some of the types of inputs that load a driver. Note that input 
loads are capacitive as a result of gate input lines or as a result of input lines that 
go to diffused junctions that form the drain or source of an M OS transistor. 7 These 
diffused junctions are normally diodes to substrate. Gate inputs are normally metal 
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Fig. 10.1. Types of inputs that load a 
driver. 

Inputs 

Vss 

connections and have the overvoltage input protection for static electricity. How­
ever, many of the input lines that go to gates must first have their paths completed 
with diffused tunnels that pass under other metalization. Therefore, a diode may 
also be on each of these lines. If the line is made more positive than substrate, 
which can occur due to noise, then the diode conducts, charges are injected into 
the substrate, and satisfactory operation of the chip is impaired. 

This is illustrated in Fig. 10.2, which shows the voltage waveform at the in­
put to a p-channel MOS gate. The amplitude of the drive voltage is from 10 to 
20 V. 

The high logic levels (for positive logic) are identified as ~HA and ~HB for the 
maximum and minimum, respectively. These levels are usually no higher than Vss. 
The low logic levels are identified as ~LA and ~LB for the maximum and minimum, 
respectively. These are usually more positive than Vnn. 

It is important that input voltage be bounded by certain limits. As already 
mentioned, ~HA must not be exceeded; if it is, the diode described will be forward­
biased. The input voltage, however, must be above the ~HB level to ensure that 
the p-channel devices are turned off. If a lower VT (threshold) MOS structure is 
used, then the ~HB limit must be specified closer to Vss. 

Vss 

Fig. 10.2. Input voltage drive. Time 
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The low level must be bounded at Tj-LB to prevent exceeding breakdown voltage 
limits or field threshold turn-on and at Tj-LA to maintain the desired circuit perform­
ance from the MaS device, since current in the MaS transistor is a function of 
the gate-to-source drive voltage. 

In Chap. 9, Eq. (9-12) gives the time that it takes to charge a given capacitance 
(y/Co ) to a given voltage change (VF - VOL) with a constant current I. This equation 
is used in simpler form and rearranged as 

~V 
In = CLTt (10-1) 

where In is the current that is supplied by the driver that drives an Mas input; 
CL is the capacitance load on the line; ~ V is the voltage change identified in Fig. 
10.2; and ~t is the time required, also shown in Fig. 10.2. 

If the capacitance is 200 pF and the voltage change is 20 V in 20 ns, then the 
average charging current is 200 rnA. The peak currents are higher, so the driver 
power supply must be designed to provide these. Also, adequate power supply 
bypassing at the unit is very important. 

10.3.2 Power Considerations 

With such large currents, significant power must be dissipated. Consideration 
must be given this dissipation. 

As the capacitor is charged, a negligible amount of power is dissipated in the 
capacitor, but significant power is dissipated in the driver. When the capacitor is 
discharged, the driver again dissipates significant power-the energy stored in the 
capacitor. 

Now, if the capacitor is charged and discharged at a frequency f then the average 
charging current is 

I AVG = C~Vf 
where f now describes the time period. Since 

p= VI 

(10-2) 

(10-3) 

then, with a voltage change equal to the supply voltage (~V = V), the power 
dissipated to charge and discharge the capacitance is 

(10-4) 

This added power dissipation must be considered for the driver and the memory 
system. 

10.3.3 Interface Driver for MOS 

Low-level logic is usually used for control circuitry, address registers, input data 
registers, and other support circuitry; therefore, a voltage translation is required from 
the control low-level logic to the output of the driver. In many cases, discrete 
components have been used to solve this interface drive translation,7,8 or a combina­
tion of integrated logic circuits and discrete components. 7, 8 Advances are being 
made in this area, as mentioned in Chap. 1, and complete monolithic drivers are 
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now designed to satisfy this interface. The system applications that follow in this 
chapter use such a driver (Fig. 10.3). There is a dual driver in an 8-pin package 
and a ,quad driver in a 16-pin package. Each circuit has an independent input, 
but there is a common strobe for two circuits. It provides the voltage translation 
from TTL to MOS, it is designed to provide the high charging currents, and it delivers 
drive voltages from 5 to 20 V. 

To help reduce power dissipation, the input circuit is operated at standard TTL 
Vee levels of 5 V, and the output circuit Vee can be varied from 4.75 to 20 V 
depending on the magnitude of the drive voltage required. The output is a totem­
pole circuit with an active pull-up. A current-limiting resistor is provided. As 
previously discussed, the VIHB logic level is very important to the turn-off of the 
p-channel devices; in this monolithic driver the VOH level pulls up to at least 1 V 
of Vee2 even with 50 p.A flowing. As explained, the driver dissipates power when 
charging the line capacitance. An example of the charging power dissipation in 
the driver follows using Eq. (10-4) where C = 500 pF, V = 16 V, and f = 1 MHz. 

PD = 5 X 10-10 X 162 X 106 

= 128 mW (10-5) 

Additional internal driver circuit power dissipation brings the total to 225 m W 
at 70°C. There is an important design feature that can be incorporated into such 
drivers; i.e., low power dissipation when the output is high. This represents a 
common condition in the system whether the driver is used as an address, or enable, 
or clock driver. For the device of Fig. 10.3, the power dissipation with the output 
high is only 10 m W. 

The propagation time delay through such drivers is very important because, as 
discussed in Chap. 9, such delays contribute to the system access time, write time, 
and cycle time. Figure 10.4 demonstrates the method of measuring the propagation 
time delay for a monolithic IC driver (Fig. 10.3). The propagation delays are listed 
at various temperatures with the capacitance as a variable. Times are measured 
from the 50 percent point on the input to either the 10 or 90 percent point on the 
output to assure that the times are to the correct levels required for MOS. The 
drivers, when used for address, data input, and timing and control inputs, will have 
typical propagation delays from 40 to 50 ns. 
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Strobe 

Dual 
Fig. 10.3. Details of a monolithic Ie SN 75361 A 
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Fig. 10.4. Propagation delays at various temperatures with capacitance 
as a variable. 

10.4 REFRESH 

10.4. 1 What Is Refresh? 

Several times in previous chapters it has been stated that dynamic MOS memory 
needed to be refreshed. A brief review will clarify what is meant by the term 
"refresh."1,6,9 Figure 10.5 shows a dynamic MOS 3-transistor cell from the 
TMSll03 1,024-bit random access storage element, which will be applied in a 
system. The heart of the storage element has information stored as charge or no 
charge on capacitor Cs . Charge deteriorates due to a leakage current, and new 
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Fig. 10.5. A dynamic MOS 3-transistor cell from a random access 
storage element. 
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current must be applied to restore the charge. Application of such current is known 
as "refresh" or "refreshing." 

It must be noted that the charge deteriorates to a design tolerance margin after 
which the cell will no longer be successfully refreshed. Two factors determine the 
rate at which refreshing must occur: a specific value of charge and the amount of 
leakage current, which is a function of temperature. A common refresh rate at 70°C 
is every 2 ms. 

The read select line (Fig. 10.5) is pulled low and a complete row of storage cells 
is interrogated; each cell is refreshed through its respective column refresh amplifier. 
Therefore, to refresh a total 1,024 storage element (32 X 32), all 32 read select lines 
must be pulled low for the complete matrix at least every 2 ms at 70°C. 

Only when a system is operated such that the address lines are activated in a 
binary sequence at the required rate can the designer be sure that each cell is being 
refreshed in time to retain the information. For the most common case, a special 
refresh procedure is necessary.5 

10.4.2 How Refresh Is Accomplished 

To select the 32 lines required, the 5 address lines Ao to A4 (Fig. 10.5) must be 
sequenced through all their 32 binary states. This is accomplished with a binary 
counter as shown in the refresh address counter of Fig. 10.6. Four binary bits are 
generated by the synchronous binary counter and the additional bit by aD-type 
flip-flop and additional gating. 

A refresh access high level enables the counter for counting. The counter counts 
when the clock input transition is positive. Each clock cycle advances the counter 
1 state of its 32 states. The transition that causes the count occurs at the end of 
the refresh cycle. Therefore, addresses Ao to A4 are presented to the storage element 
as the refresh address at the start of the refresh cycle; at the end of the cycle the 
counter is advanced one step. Note the burst control input; it also enables the 
counter to count. 
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There are two operating modes for refreshing. One is to perform a refresh cycle 
every 62.5 f.!s such that each line of 32 is refreshed every 2 ms, or all 32 lines can 
be sequenced in a burst-32 refresh cycles in a row. If the memory cycle is 750 
ns, then the last mode would require 24 f.!s every 2 ms. Normally, in operation, 
it is not satisfactory for the CPU to wait for 24 f.!S while the memory is refreshed. 
It is better to delay the CPU for one cycle every 62.5 f.!S. However, it is useful to 
refresh in the burst mode when the memory is idling. This is the reason a burst 
control is provided. 

10.4.3 Analysis of Refresh Address and Timing Control 

The refresh counter has generated the address, but now it must be routed to the 
storage element.10 The refresh address, because it is different than the CPU address 
or some other source requesting memory, requires an address selector. Such a 
selector is shown in Fig. 10.7. For this purpose 4-input-to-I-output data selectors 
are used, with one input not being used; instead, it is tied to ground. The state 
of the control inputs A and B determines which source address is fed to the output. 
Table 10.1 details which address source is being used. With both A and B high, 
the refresh address for address bits Ao through A4 from the refresh address counter 
is presented to the storage element through drivers and buffers as required. When 
A and B are other than both high, source I or source II addresses for address bits 
Ao to A4 are presented to the storage element. Other selectors are present to change 
bits A5 through A9 from source I to source II, but only bits Ao to A4 are changed 
for refresh. 
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A, ,-1------... A2 1,024 A3 bit 
A4 storage 

element 
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Fig. 10.7. Refresh address selector. 
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Table 10.1. Control Functions for 
Address Selector 

Control Address 
.C 

(FIg. 10.8) A B source 

L L H I (CPU) 
H H L II (DMA) 
X* H H Refresh 

* Don't care. 

Note the reset control put on A4 address. A4 is reset to a high at the end of a 
refresh cycle to save power dissipation in the TMSll03 storage element.1° To select 
the refresh address every 62.5 !-!s and meet the requirement that 32 rows (for a 1,024 
storage element) are to be refreshed every 2 ms, the control input status of A and 
B, indicated by Table 10.1, must be generated. Figure 10.8 contains the circuitry 
for such control. 

Recall from Table 10.1 that A and B are both at the high level to select refresh 
address and that the refresh access is high (Fig. 10.6) to enable the refresh counter. 
These conditions are met when both D-type flip-flops have low outputs into the 
NAND gates that drive A and B. A low input from the 7400 NAND gate (identified 
as R and circled on Fig. 10.8) feeding the flip-flop inputs through an AND gate 
establishes the flip-flop output low level required. The low-level R from the 7400 
gate has priority over the control signal identified as "control access for (source) I 
and II." This is identified with a C on Fig. 10.8 and on Table 10.1. Any time 
the refresh timing circuit produces a low level at R, it overrides the control at C. 
In other words, if the memory is tied to the CPU or DMA and it needs to be 
refreshed, the control signal R generated by the refresh timer takes over and refreshes 
the memory after the memory finishes its present cycle. Every 62.5 !-!s the refresh 
oscillator generates a low-to-high transition that sets the first stage of the timing 
shift register on the next clock cycle to generate the low control signal R and provide 

Refresh 
I osc I 

LJ"CL 
470[1 

Timing 
shift register 

® Reset signal 

I r----1 
L I 

eLK 
Q H 

Fig. 10.S. Refresh timing control. 

L 

Master 
reset 

Refresh 
access 

A 



244 Semiconductor Memory Design and Application 

the address counter and refresh address selector with the correct control signals. 
The shift register ensures that timing is synchronized to clock; it also recognizes a 
refresh cycle request that occurs while memory is busy with a cycle for source I 
or II. The clock driving the refresh timing shift register and the access flip-flops 
is gated off during memory cycles so that memory cycles in progress cannot be 
disrupted by a change of the access signal or a refresh cycle request. 

10.5 TIMING 

The last general subject is timing. As previously mentioned, timed signals must 
be provided to dynamic MOS storage elements. Some of these signals have critical 
time relationships, which means these signals must be generated and distributed 
with these relationships maintained. 

There are a number of ways that these timing signals can be generated-delay 
lines, shift registers, and monostable multivibrators are common ways.l0 However, 
a somewhat more versatile system is to generate phased signals from a master clock 
and logically combine these signals to produce the timed intervals. 

10.5.1 Timing Generator 

An example will help illustrate phased signal generation. Figure 10.9 is a portion 
of a memory controller that contains, in addition to the access and selector circuitry 
that has already been discussed, a timing generator outlined with dotted lines. It 
also includes memory request and read/write control circuitry. Source I or source 
II may request a memory cycle to either fetch or store data as required. Selector 
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Fig. 10.9. A timing generator inside a memory controller. 
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Fig. 10.10. Three-phase generator. 

commands are given to apply the correct address to the memory. When a memory 
cycle is requested, the timing generator provides the timing signals in correct se­
quence. In addition, a "cycle-complete" signal is changed in state to indicate that 
a cycle is in progress. When it changes back, the cycle is complete. The overriding 
feature of a request for a refresh cycle has already been explained. All the logic 
of the timing generator need not be discussed because looking at several basic parts 
will provide the understanding that is necessary to implement the technique. 

For timing, a master oscillator generates a clock for a three-phase generator and 
for any other system clocks required in the controller (Fig. 10.9). 

10.5.2 Three-phase Generator 

From these three phases and other signals generated from them, the basic timing 
is generated with logic. Figure 10.10 shows the three-phase generator. Three 
D-type flip-flops with complementary Q and Q outputs and a positive AND gate 
provide Pi' P2, and P3 as shown. Each flip-flop is clocked on the positive transi­
tions. The complementary signals are used for state control as well as for signals 
for other logic. 

Table 10.2 contains the states of the three-phase generator. These correspond 
to the timing chart of Fig. 10.10. 

Table 10.2. States of Three-phase Generator 

Pl P2 Ps 

~ ~ ~ 
---

Time Dl Ql Ql D2 Q2 Q2 D3 Q3 Q3 Ql' Q2 = Dl 

0 1 0 1 0 0 1 0 0 1 1 1 = 1 
1 0 1 0 1 0 1 0 0 1 0 1 = 0 
2 0 0 1 0 1 0 1 0 1 1 0=0 
3 1 0 1 0 0 1 0 1 0 1 1 = 1 
4 0 1 0 1 0 1 0 0 1 0 1 = 0 
5 0 0 1 0 1 0 1 0 1 1 0=0 
6 1 0 1 0 0 1 0 1 0 1 1 = 1 
7 0 1 0 1 0 1 0 0 1 0 1 = 0 
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The clock phases PI' P 2' or P 3' or their complements, are combined logically with 
other signals to produce the timed signals required. 

10.5.3 Timing Logic 

For example, Fig. 10.11 is a portion of such logic that will be used in a timing 
generator for the memory systems that follow. Basically flip-flops Qo and Q1 with 
the associated input gating form a simple four-state controller. The various states 
of the controller are used to produce the timing signals required by the MOS memory 
networks. A brief explanation will suffice to understand the technique. 

The J and K inputs to the Qo and Q1 flip-flops are functions of the logic controlling 
them. For example, for Qo 

(10-6) 

and (10-7) 

when there is a high-level output from the D NAND gate that feeds the B gate. 
Correspondingly, through F gates, 

(10-8) 

and (10-9) 

The Ko input to the Qo flip-flop will be a function of both the B and the D gates 
if the output of the D gate is not at the high level. A cycle request (memory request) 
produces a high logic level at the indicated input (Fig. 10.11) to gate E which 
produces the high logic level into gate B so that Ko is the logic function ofEq. (10-7). 

Table 10.3 is a state diagram of the logic shown in Fig. 10.11. The outputs Qo 
and Q1 are the outputs of interest. Table 10.3 begins with all inputs to the flip-flops 
at a 0 level and each output Qo and Q1 at a 0 level. It proceeds through clock 
time until the logic states repeat themselves. 

A,F -74Hll 
B,C,D-74H10 

E-74HOO 

Clear 

Fig. 10.11. Logic diagram showing how signals are combined to produce particular 
timing signals. 



Table 10.3. States for 0 0 and 0 1 Control Logic 

Clock Phases 
time P1 P2 P3 Qo Q1 P2 = Jo Qo Ql P3 = Ko 

0 000 1 1 0 0 000 0 
1 1 o 0 1 1 0 0 000 0 
2 0 1 0 1 1 1 1 000 0 
3 o 0 1 0 1 0 0 1 0 1 0 
4 1 o 0 0 1 0 0 1 o 0 0 
5 0 1 0 o 0 1 0 1 1 0 0 
6 o 0 1 000 0 1 1 1 1 
7 1 o 0 1 o 0 0 0 1 0 0 
8 0 1 0 1 0 1 0 0 1 0 0 
9 o 0 1 000 0 0 1 1 0 

10 1 o 0 1 1 0 0 000 0 
- -- -- ---

Qo Qo Qo Ql P l = Jl 

0 1 0 1 0 0 
0 1 0 1 1 0 
0 1 0 1 0 0 
1 0 1 1 0 0 
1 0 1 1 1 1 
1 0 1 o 0 0 
1 0 1 o 0 0 
0 1 o 0 1 0 
0 1 000 0 
0 1 000 0 
0 1 0 1 1 0 

Qo Q1 P3 = Kl 

1 o 0 0 
1 o 0 0 
1 o 0 0 
0 1 1 0 
000 0 
0 1 0 0 
0 1 1 0 
1 1 0 0 
1 1 0 0 
1 1 1 1 
1 o 0 0 

Ql Ql 

0 1 
0 1 
0 1 
0 1 
0 1 
1 0 
1 0 
1 0 
1 0 
1 0 
0 1 

~ o 
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a 
:::I 
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o 
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tD 
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OSC 
o 1 2 3 4 5 6 7 8 9 10 

~250+250 -+250--i 

P, -

P2 

P3 -----' 

~---..., 

Qo--~ 

Q,-------' 
Cycle ,-----------'\ -'> 
request -' 

(0) 

Prechorge ~167::::;:J1-___ ---' 

Cenoble ~167=+l1... _____ ""'" 

(b) 

10.5.4 Timing Diagram 

Fig. 10.12. Timing diagram for Qo 
and Qt. 

Figure 10.12a is a timing diagram relating the master oscillator, the three phases 
of the timing generator, and the outputs Qo and Q1' The system application of 
the timing generator uses a 12-MHz master oscillator assuring that the high level 
of each phase is 83 ns and the low level is 167 ns. Other systems use other fre­
quencies and/or more phases. 

A timing signal identified as PRECHARGE in Fig. 10.12b is required for the 
system. This can be generated quite simply by feeding the signal CYCLE RE­
QUEST and Qo into a NAND gate. Qo is gated with cycle request to prevent an 
erroneous PRECHARGE signal should the CYCLE REQUEST signal be slow in 
returning to the zero level as shown by the dotted line in Fig. 10.12. Signal CEN­
ABLE is generated by Q1' 

Timing generation for a wide variety of applications can be implemented by these 
techniques. In many cases they are not as simple as using a monostable multi­
vibrator, but they are much more versatile, and timing is highly accurate in that 
it is determined by the system clock crystal oscillator. 

10.6 ANALYSIS OF A ONE MILLION BIT MAINFRAME MEMORY 

The remaining portion of this chapter is devoted to the application of MaS 
dynamic storage elements to specific systems. The use of two 1,024-bit storage 
elements in a mainframe memory of up to one million bits (64K words by 16 bits) 
will be detailed and a comparison made between the two systems. The applications 
are in commercial systems with a temperature range of ° to 70°C ambient. 

10.6.1 Storage Element Characteristics 

The characteristics of the first 1,024-bit storage element (TMSll03) which uses 
a 3-transistor cell-the so-called 3-2-2 cell of Chap. 2-are summarized again as 
follows: 7 
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Organization ........... 1,024 X 1 (words X bits) 
Decode. . . . . . . . . . . . . . . Fully decoded 
Signal levels . . . . . . . . .. V1H: + 16 V 

v;.L: 0 V 
Output ............... Single ended with sense current> 0.5 rnA 
Access time tpA ••••••••• < 300 ns 
Read cycle . . . . . . . . . . . . > 480 ns 
Write cycle ............ > 580 ns 
Refresh time ........... 2 ms (70 ° C) 
Power dissipation ....... 400 mW total operating 

0.4 mW per bit 

Terminals 
10 address 
Data in 
Data out 
Timed signals 

1. R/W (read/write) 

50 mW standby 

2. CENABLE (chip enable) 
3. PRECHARGE 

Power 
1. Vss: + 16 V 
2. VBB : + 19 V 
3. VDD : 0 V 

All inputs are protected against static charge and, in addition to address and 
data-in input signals that are present during the largest part of the cycle, there are 
three timed signals or clocks: R/W, chip enable, and precharge. Precharge does 
just what it says; it pre charges capacitance on nodes inside the storage element. 
The precharge and chip enable were generated previously in Fig. 10.12b and are 
discussed in detail later. One single-ended data output, which can be OR-tied, 
provides at least 500 p.A of current for identifying the data, data which are a 
complement of the data stored. 

P-channel MOS devices operate between a power-supply voltage of Vss and VDD • 

Vss can be ground and VIW a negative voltage, or VDD can be ground and Vss a 
positive voltage. 

In the application that follows, the source voltage is plus 16 V, and VDD is at ground, 
allowing easier interface with TTL. A substrate bias voltage of 19 V is required. 
Peak currents to 60 rnA during precharge and chip enable average to a supply current 
of 25 rnA and a power dissipation of 400 mW (Vss = 16 V). 

The refresh time at 70°C is 2 ms, but if the environment of units of this type 
is controlled to a much lower temperature, the refresh time will be significantly 
longer. 

Portions of the block diagram and a schematic of the TMSll03 were presented 
in Chap. 5. Figure 10.13 is the complete block diagram of this circuit. Note that 
the timing signals go through additional distribution circuitry on the chip. The unit 
is fully decoded, and only 10 binary address bits need be applied to all storage 
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Precharge 

Cenable 

Write 

1 of 32 
row 

selector 

Timing 
generator 

TMS 1103 

Read 
write 

amplifiers 

Memory matrix: 
32 rows 

32 columns 
(1,024 bits) 

1 of 32 
column 

selector 

1,024 X 1 YAoYA1YA2YA3YA4 

Write data 

Read data 

Fig. 10.13. Block diagram of a 1,024-bit dynamic MOS storage 
element. 

elements in order to select 1 word from the 1,024 available. Eighteen pins are 
required to provide all signals and power to the storage element. 

10.6.2 Timing Diagram-Read Cycle 

There is critical timing that must be maintained. To understand this critical 
timing, refer to the read cycle timing diagram of Fig. 10.14. In a memory cycle, 
whether read or write, a low level on precharge must be maintained for a minimum 
time of 125 ns before the chip enable signal is brought low. This results in the 
selection of a row of cells in the 1,024 matrix, determined by the binary address 
input. The address signals must be stable during this time. If the cycle is a read 
cycle, then the read/write signal (R/W) must be at the high level (near Vss ). These 
clocks, R/W, precharge, cenable (chip enable) are routed through additional on-chip 
circuitry to provide inversion and on-chip timing. The chip enable signal is similar 
to that for the bipolar storage elements in Chap. 9, but it has the time relationship 
with precharge and read/write as shown in Fig. 10.14. 

Note that an enable access time tpAE has not been called out. The reason is that 
chip enable, now a timed signal, must be in a given time relationship with the other 

Address 

Precharge 

Cenable 

R/W 

Data -1--------' 
out 

25<t < 75 

Fig. 10. 14. Timing of a read 
cycle. 
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clocks and therefore already contributes to tpA ' the access time from address appli­
cation. 

There is an overlap between precharge and cenable. This is the critical timing 
indicated (t in Fig. 10.14).3,7 The voltage level on the data line in the cell is a 
function of the overlap time. Insufficient overlap, or conversely, too much overlap, 
will cause improper operation of the cell and data will be lost. At least 25 ns, but 
not more than 75 ns, of overlap must be present for proper operation. The chip 
enable signal must be low for at least 165 ns after precharge ends; another cycle 
cannot start before 85 ns from the end of chip enable. With a rise time of 20 ns 
and the minimum overlap of 25 ns, the read or refresh cycle time must be at least 
480 ns for the storage element itself. The access time is 300 ns minimum. Address 
must be stable when the storage element is enabled and must be held for at least 
20 ns after enable goes high. 

One important point concerning the output current must be emphasized: If the 
storage element is enabled and the element is in the read or refresh mode, current 
will flow from the data output to the sense amplifier. If a 1 is read from the cell, 
a high current is available; if a 0 is read from the cell, a high current appears as 
the cell is addressed and then decays to a low level. During refresh a combination 
high current appears from all columns and care must be taken that this does not 
cause lost time due to sense amplifier saturation. 

10.6.3 Timing Diagram-Write Cycle 

Similar timing is required when writing in the storage element (Fig. 10.15). A 
write cycle has the write pulse included and the signal must be low for a minimum 
of 80 ns. In addition, this must occur after chip enable has been low 165 ns; 
therefore, chip enable must be extended accordingly. A storage element write cycle 
must be a minimum of 580 ns under the same conditions as the read cycle with 
valid input data overlapping the write pulse. 

The time relationship of the clock signals is generated by the timing generator, 
which was previously discussed. 

These are the characteristics of the standard 1103. There are other specially 
selected units for faster access times. These can be specified separately. 

Write 

Address 

Precharge 

Cenable 

R/W 

Data in 

580 

Stable 

r------r-----
/ 

Fig. 10.15. Timing of a write cycle. 

Can 
change 
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10.6.4 Memory System 

8K X 16 Board. The one million bit memory system will be made up of multiple 
boards of the same type, as was done in Chap. 9 with the bipolar storage elements. 
The board size, in this example, will be 8,192 words by 16 bits (8K X 16). It is 
shown in Fig. 10.16. 

In addition to the support circuitry shown (Fig. 10.16), the storage matrix has 
128 1,024-bit storage elements on the board. It will be beneficial to look at the 
loading on the drivers for this board, as bipolar system loading was examined in 
Chap. 9. 

Loading Factors. WM = 8K words, Uj = lK, BN = 16 bits, and B[ = 1. It has 
been pointed out that the input to MOS storage elements is capacitive. Table 10.4 
lists representative values. 

In Chap. 9 the loading equations for a memory system were developed and now 
will be used for the MOS memory. The address line loading is, from Eq. (9-1), 

L = 8K X ~ X 7 pF = 896 pF 
:A lK 1 

(10-10) 

Propagation delays would exceed 40 ns in the drivers if each one were to drive this 
full load. Therefore, two drivers in parallel will be used to limit the load to 450 
pF on each driver. 

Equation (9-2) determines the number of lines to be decoded when only one chip 
enable is used. Therefore, 

8K 
SL =- = 8 

lK 

16 Data in/data out 4------+1 
lines 

Precharge 
Cenable -----, 

R/W 

Sense amps 
and 

write drivers 

8K X 16 storage 

Read enable 
Write enable --------'F'------t~ 

10 address bits ----+I 

7 logic lines ----~ 

Fig. 10.16. 8K X 16 board. 

Pkgs 

Storage 128 
Drivers 30 
S/A 8 
Logic 6 

172 

(10-11) 
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T~ble 10.4. Input Loading Factors (Capacitive) 
for T MS 11 03 (picofarads) 

Address. . . . . . . . . . . .. 7 
Cenable ............. 18 
Precharge. . . . . . . . . . . . 18 
R/W .............. 15 
Data in . . . . . . . . . . . .. 5 
Data out. . . . . . . . . . .. 3 

and the load on the lines will be 

LD = (!~pLF (9-3) 

From Table lOA, the ILF for chip enable and precharge is 18 pF and for R/W 
it is 15 pF; therefore 

16 
LCEN' 4REC = -1- X 18 pF = 288 pF (10-12) 

and 16 
LR/W = -1 X 15 pF = 240 pF (10-13) 

Each time the timing signals force the driver through a voltage transition the driver 
dissipates power. Therefore, to conserve power, as well as provide the storage 
element decoding for memory system expansion, chip enable, precharge, and write 
pulse are decoded. One driver (SN75361) for each of 8 lines handles the capacitive 
loads of 288 and 240 pF, respectively, on these lines. 

From Eq. (9-4) the data-in loading is 

8K 
LIN = 1K X 5 pF = 40 pF (10-14) 

This presents no problem because there is a separate driver for each bit line. 
Data-output load capacitance resulting from outputs being connected together on 

a common buss is determined from Eq. (9-5) and the capacitance of the output line 
given in Table lOA. Therefore, 

8K 
11 = - X 3 pF = 24 pF 

lK 
(10-15) 

The 8K X 16 memory board of Fig. 10.16 contains the 128 1K packages, but in 
order that ringing in the lines be held at a minimum and coupling noise from 
high-voltage transitions be restricted, all MaS-level voltage drivers are contained 
on the same board. Also, following good practice, sense amplifiers are contained 
close to the storage element matrix.H,12 

The board also contains some enable logic and read/write select logic which 
discussion of the system decode will clarify. All interface to the board is at low-level 
logic signals (TTL). 
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Total System Decode Structure. The overall diagram for decoding 64K words is 
shown in Fig. 10.17. Six additional addresses are used in addition to the 10 addresses 
required for the lK decode in each package. Three 2-to-4-line decoders convert 
the 6 address lines to 12 selection lines. The blocks represent a board with SK words 
and the number of bits required-in this case 16-plus a parity bit if desired, to 
increase the total bits to 17. The SK board is divided into 4 K segments. One 
decoder (bits 0 and 1) selects two SK boards. Another decoder (bits 2 and 3) selects 
a 4K segment from the 16K selected. The remaining decoder (bits 4 and 5) selects 
a lK row from the 4K segment. The 10 addresses to each package then select the 
desired word. 

Logic is placed between the decoders and the board inputs such that all boards, 
segments, and rows are activated to select all modules during a refresh cycle. 

Board Select, Segment Select, and Row Select. Additional details of the board 
select, segment select, and row select logic are shown in the next three figures. Figure 
10.IS shows the board select, the segment select, and the row select. The board 
select and segment select signals are at a high level when active, as is the RS select 
line. 

A high level on BS (which may be BSo, BSl , BS2, or BS3 of Fig. 10.17) will allow 
a high level to be present on SA or SB as dictated by So and Sl' the segment select 
signals. So and Sl could also be S2 or S3' depending on the board position on Fig. 
10.17. One of either RSo through RS3 or RS4 through RS7 will be selected based 
on a low level on one line of Ro through R3 and the state of SA or SB. 

Read/Write Enable. Figure 10.19 shows the logic for address driver enable and 
read and write enable on the board. Write enable energizes write select, which in 
turn energizes the write drivers when information is stored. Similar action occurs 
in the read mode: read enable energizes read select, and read select strobes the sense 
amplifiers. Write select and read select are high when active, are complementary, 

* Low for 
refresh 

64 K word decode 

2/4 74HOO 
3 5 7 

4K Q) 

4K ® 

BSo 
P--+t++----1---~ BS1 

BS3 

@ 

2 4 6 8 

Fig. 10.17. A 64K-word decode. 

8K XI6 
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Master reset 

74H04 -------, 
74HOO I 

r---------
I 74HOO 

b--+---a I 
>---+--RSo 

74H11 I ___________ ...J 

So or S2 -----I 
~--~_+~---+-_+SA 

BS 

~--+-~_+--~ __ ~SB 

r-- --------------, 

I +RS4 

(same as above) 
I ---r- RS5 
I 

-+--RS6 
I 

-+-RS7 
I I 
L ______________ J 

Fig. 10.18. Board select, segment select, and row select portions of decode. 

and cannot be generated on the board unless the board is selected; i.e., either SA 
or SB must be high, which is only allowed if BS (Fig. 10.l8) is high. A high on 
SAA or SAB corresponding to the high on SA or SB enables the address drivers 
of the selected 4K segments of memory. 

Selection of 1 K X 16 Bits. Figure 10.20 shows the selection of the row of lK X 16 
bits of memory by selecting the timed signals of precharge and chip enable required. 

Master reset 

SA 

SB 

74H40 

Write enable ---____ -------+-1 Write select 

Read enable ---____ ---l Read select 

Fig. 10.19. Logic for address driver enable and read and write enable 
of decode. 
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Read Iwrite 
(R/W) 

74H04 

Cenable 

RSo--------------------i1rt1=~~~ 

RS 1 

RS2 ------- 1,1: : 
RS

3 
_______ I 24 I 

, ' I I drivers I 

::: ====== - - - - ~I I li--t_o_ta_I----,1 

RS s ------- ~ 

RS7 ---------~ _ __._JF 

Pre 
lK X 16 bits 

R/W 

7add'i rows,each 
lK X 16 bits 

Fig. 10.20. Selection of the row of lK X 16 bits of memory. 

Drivers for chip enable, precharge, and write are selected by a high level on the 
row lines-one of which is activated as discussed (Fig. 10.17). The precharge 
signal-at the low level at the input to the AND-OR-INV gate (marked AOI) during 
its active time period-is fed through the driver (75361) as a low level to activate 
16 storage elements. Chip enable-again low during the active period-also feeds 
through the driver as a low level to the storage element. 

Recall that there is a critical time period between the overlap of chip enable low 
and pre charge low at the storage element. To assure that· this timing is between 
the 25- and 75-ns window specified, an RC time constant circuit and inverter couples 
the chip enable signal to the precharge gate. A chip enable low causes the precharge 
signal to return to a high level at the storage element after a set delay even though 
the precharge timed signal is still low. To help maintain this timing, the drivers 
for precharge and chip enable should be circuits from the same package. Similarly, 
two write drivers should be in the same package. 

You'll note there is a 10- to 50-Ohm resistor shown in the line from the driver 
to the storage element. This is for damping the ringing on these lines on the board. 
Because this resistor does effect transition times, its value should be selected for the 
particular assembly conditions. 

The read/write signal, generated as a high level for read and as a low level for 
write during a write cycle, also is gated through a driver. During refresh, all the 
RS lines are high and all modules have chip enable and precharge signals applied. 
However, the write signal is not generated during refresh. Therefore, although the 
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write driver is selected, its output level is in the required high state for the read­
refresh mode. This control is easily generated by logic from the control signals 
already shown. 

Address Drive Selection. The selection of the row of packages for 16 bits is 
complete, but further decoding is required because the individual word from the 
lK in a package is what is desired. This decoding is accomplished in the package 
from the address bits applied in parallel to each package. The 10 addresses come 
from the source (CPU, DMA, or REFRESH) selected through the address selectors 
(Fig. 10.7). The loading factors require that address drivers be limited to driving 
half the modules on the board, or 64 modules (4K X 16), as shown in Fig. 10.21. 
Recall that for Fig. 10.19 it was stated that SAA and SAB enable address drivers. 
This is accomplished with the driver (75361) which has a dual input and also allows 
the use of the segment signals SAA and SAB to energize only the drivers that are 
selected. This saves power because unnecessary drivers are not charging and 
discharging capacitance. 

All functions of the memory board of Fig. 10.l6 have now been discussed except 
the sense amplifiers and the write drivers. 

Sense Amplifiers and Write Drivers. As shown in Fig. 10.22, a common line for 
each bit connects all 8 data outputs of the 8K words on a board. Similar connections 
are made for the data input. 

On the multilayer board used for interconnection, the sense line is separated from 
the input signal lines by a ground plane. In addition, a dummy sense line is run 
in parallel with the real sense line and connected to the reference input of the sense 
amplifier, causing common-mode noise induced on the sense lines to be rejected by 
the sense amplifier. 

The output current of the storage element is at least 500 }lA, and typically will 
be above 1 mAo The voltage developed is proportional to the load resistor at the 
sense amplifier input. However, large values of resistors cause long time constants 
to exist on the sense line, and these add directly to access time. 

Fig. 10.21. System for selecting the ad­
dress for the individual word desired. 

Ao ,..----.....-+---i 

i} 
Ag -~-+---i 
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WD SEL 
(Write select) 

Fig. 10.22. Common data line. 

The one half of a SN75108 dual line receiver shown is an excellent sense amplifier. 
A 25-m V differential signal is required for guaranteed operation with the most­
positive input drawing 75 p,A of input current. 

The reference voltage, established by the 20K and 200-0hm resistor divider, must 
be at least 25 m V for proper detection of a 0; i.e., no current from the storage 
elements. The storage element current must develop 50 m V across the input sense 
resistor in addition to supplying the 75 p,A. Capacitance on the output line-40 
pF in this case-must be charged by the storage element current to assure reliable 
detection. This is no problem until a large number of units are coupled together; 
'11, which determines the number of units, is a function of WM/Uj. 

A low at the input to the storage element stores information such that a high 
current is available at the data output when that cell is interrogated. The data-in 
line determines this level via the data-in driver (SN75361). 

The driver is gated by the write select input which, if you recall, is a function 
of the board select logic and the write enable signal. The strobe gate on the output 
of the sense amplifier is gated by the read select signal, which is a function of board 
select logic and the read enable signal. This arrangement requires only one line 
for data transmission to the read register or from the data source for storing infor­
mation. Therefore, for the 16 bits of data only 16 lines, instead of 32 lines, need 
be coupled between the board and the data registers. 

Summary of 8K X 16 Board. In summary, all the functions of the board block 
diagram (Fig. 10.16) for the 8K X 16 board have been discussed including the enable 
logic, the address and clock drivers, and the read and write support circuitry. The 
board contains 172 packages defined as shown. 

In order to select a word of 16 bits and read out its contents these circuits must 
be active and selected: 

16 storage elements 
10 address drivers 
3 clock drivers 

16 sense amplifiers 
6 logic packages 

112 storage elements remain unselected. 
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Under these conditions the power dissipation for a board is 21 W, or 167 IlW 
per bit. 

Controller. The system block diagram is not complete until a memory controller 
is added to control the boards. This controller is shown in Fig. 10.23. Multiple 
storage element board&..are added to the controller to expand the memory system 
to 64K words. There are 43 possible low-level signal lines coupling between boards 
and controller. However, only 7 of the 12 between decode and enable logic go to 
each board. Therefore, there are 38 lines. 

Thus far in our discussion the following units have been discussed in the controller: 

Timing generator 
Refresh timing 
Refresh address 
Address selectors 
Buffers 
Decode 

The write data selectors have not been discussed, but they operate the same as 
the units for address selection with one exception: The data input is selected from 
source I or source II; there is no data selection on refresh. The address and read 
data registers consist of D-type flip-flop modules either of standard TTL (SN7474 
type) or of faster Schottky TTL. 

Controller 

Source II 
I--~ 

Memory ..-----1 
buss 

Input 
commands 

Write data 
selector 

Read data 
register 

Timing 
generator 

S 
e 
I 
e 
c 
t 
o 

16 

Coupled 
lines 

Board 

Sense amps 
and 

write drivers 

8K X 16 storage 

Pkgs 

Storage 128 
Drivers 30 
S/A 8 
Logic 6 

172 

Fig. 10.23. Memory controller coupled to a board. 
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Summary of System Using TMS 1103. A summary of the performance of the 
system can be obtained by examining the system timing diagram which is shown 
in Fig. 10.24. 

The basic time signals that were previously generated are shown in Fig. 10.24a. 
Recall that the master oscillator frequency is 12 MHz and each phase of the three­
phase generator is 83 ns with the basic cycle time of the memory system being 750 
ns. The cycle request signal initiates a cycle. If it is a read or refresh cycle, for 
example, 167 ns are allowed for the propagation of signals through the decode logic 
external to the storage element, for the selectors to be energized, and for the address 
signals to the storage elements to stabilize. Precharge is activated. Then, 167 ns 
later, chip enable is activated and terminates precharge at the storage element within 
the overlap specifications. This is indicated by the dotted portion on the PRE­
CHARGE timing diagram. Chip enable and read enable (Fig. 10.24) continue to 
be activated to provide data at the output. As shown, data are valid 430 ns after 
precharge to the storage elements is activated. From the start of the cycle request, 
data are valid approximately 600 ns later. In refresh, the addresses from the refresh 
counter for Ao to A4 are routed to the storage element with all modules enabled. 

Fig 10.24c shows the time position of the write enable and write signals. Of course, 
data in must be valid during the write time. 
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P3 

~250~250~250~ 

Qo----.J 
Q, ____ ...J 
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Cenable 

~L.. __ L..r ---' 
~167:;:tL.-----J 

Address ==>< ________ -'><~~~ 

R/W -../ 

Read enable 

Data out 

R/W 

Write enable 

(a ) Basic timing 

I I ~O" 
~430ns---1 .~ 

Data 
(b) Read,refresh Valid 

Data in 'vomvOZZZZIK_V.9)j~ __ >:all]ZL 
(c) Write Fig. 10.24. System timing diagram. 
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Fig. 10.25. Picture of 8K X 17 memory board. 

Figure 10.25 is a picture of a memory board using the I,024-bit dynamic MaS 
memory. This board has 8K X 17 bits. It was mentioned that a parity bit could 
easily be added. Of course, parity check modules must be added to the controller. 

Other features could have been included in the design. One of the main optional 
features is to "power down" when the memory idles, as it would if it were not being 
used, or if main power had failed and battery backup were used.13 In such a mode, 
only refresh circuitry, operating in the burst mode, is activated periodically, in 
addition to the storage elements, to keep the information stored. Even logic power 
can be turned down between refresh cycle to keep the idling power at a minimum. 
The desired system described requires as simple a system as possible. These addi­
tional features add extra circuitry but can be easily implemented into the basis system 
when required. 
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10.6.5 System Using TMS4062 1,024-Bit MOS RAM 

Recall in Chap. 5 that a 1,024-bit dynamic storage element using a 4-transistor 
cell was described. This is the storage element used in the TMS4062 system-a 
system very similar to the TMSll03 system. In this section the TMS4062 
system will be described and then compared to the TMSll03 system. 

Storage Element Characteristics. It was pointed out in Chap. 5 that the TMSll03 
is processed with a p-channel self-aligning silicon gate process; the TMS4062, on 
the other hand, is fabricated using a standard p-channel aluminum gate process. 
Even with this simpler processing, this TMS4062 1,024-bit storage element has an 
access time that is twice as fast as the TMSII03.The characteristics of the TMS4062 
are: 

Organization. . . . . . . . .. 1,024 X 1 
Decode. . . . . . . . . . . . . . . Fully decoded 
Signal levels ........... ViH: 20 V 

ViL: 0 V 
Output ............... Differential with sense current 

>100 p,A 
Access time tpA • • • • • • • • . < 150 ns 
Read cycle . . . . . . .. . . . . > 290 ns 
Write cycle . . . . . . . . . . . . > 290 ns 
Refresh ............... 2 ms (70°C) 
Power dissipation ....... 180 mW total 

0.18 mW per bit 
2 mWstandby 

Terminals 
10 address 
2 I/O lines 

Timed signals 
1. Reset 
2. Clock 
3. Chip select 

Power 
1. Vsx (VBB): 22.5 V 
2. Vss: 20 V 
3. VREF : 7 V 
4. VDD : 0 V 

The characteristics of the two 1,024-bit storage elements, although they use differ­
ent cells, are similar in input protection, number of timed signals required, number 
of address lines, full decoding, organization, and refresh time. Despite these simi­
larities, significant differences do exist. 

When analyzing the TMS4062, the first difference noted is speed performance. 
Access time tpA of the TMS4062 is 150 ns with correspondingly faster and equal 
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read and write cycle times. The second difference is power dissipation. Operating 
power is 180 mW and standby power is only 2 mW for the 1,024 bits. The third 
significant difference of the TMS4062 is the type of output data. A differential sense 
current of at least 100 J.tA is obtained on the two digit lines that are provided directly 
on the package pins through a chip select transistor at the output (ef Fig. 5.13). 
Another difference, if you recall from Chap. 5, is that refreshing is simpler and that 
chip select (chip enable) does not have to be activated in order to refresh. The 
fifth difference is the voltage drive required, with this 1,024-bit storage element 
requiring 20-V signals. Finally, note that a reference voltage VREF is required. 

Block Diagram. The block diagram shown in Fig. 10.26 identifies the X and Y 
decode structure used for the full decode of 1,024 bits, but note the digit lines only 
have multiplexing, no refresh amplifiers, and no write amplifiers. The reset, clock, 
and chip select signals are timed signals (clocks). Reset precharges node capacitance 
within the storage element, and therefore, it is the same as precharge. Writing is 
accomplished by foreing one I/O line to Vss when a bit is selected and holding 
the other at VREF• This extra reference supply means that 19 terminal connections 
must be made and, therefore, a 22-pin package must be used. Again, in the system 
application of this unit, it will be more convenient for interfacing to low-level logic 
to operate the storage element from VDD = ° V to Vss = 20 V. 

When applying this 1,024-bit storage element (TMS4062), there are several nega-
tive factors. These are: 

1. No on-chip circuitry for separating read/write modes or writing into cell. 
2. No on-chip circuitry for amplifying the current output from the cell. 
3. An extra reference supply is required. 
4. A 22-pin package is required. 

However, it must be noted these may not be "disadvantages"; the system application 
must be evaluated first. 

Fig. 10.26. Block diagram of a 
1,024-bit dynamic MOS storage 
element with a 4 XTR cell. 
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In the system, the same basic controller support circuitry will be used, as well 
as the same technique for decoding and generating the clocks. However, differences 
will occur in the write and sense circuitry, and the timing will be much easier. 

Timing Diagram. The timing chart of Fig. 10.27 identifies the time relationship 
of the three clock signals-reset, clock, and chip select-with address. The reset 
pulse must be low, a minimum of 130 ns. This is especially critical after writing 
because one digit line has been disturbed to Vss and must be returned to VREF• 

If a longer cycle time than the minimum can be tolerated, then variations in access 
time can be held to a minimum with a longer reset time. 

The clock and chip select pulse should occur at the same time, but not before 
60 ns after the reset pulse returns high. As mentioned previously, the reset pulse 
period is a precharge. The on-chip decode circuitry must be set before the clock 
and chip select signals are activated. This is the reason for the 60 ns. 

Data in must overlap the clock and chip select pulses when in a write cycle. 
When reading, the output current is a slowly rising ramp because of the charge 

of internal nodes by the cell. The 150-ns access is when the differential current 
is at least 100 /-tA. Access time can be reduced by accepting a lower differential 
current for the sense amplifier trigger level. However, if higher sense impedances 
are used to accomplish this, the input time constant nullifies the gain. 

But in this analysis there is no critical overlap timing as with the previous 1,024-bit 
storage element. This is a significant advantage. Because address can change all 
during reset, optimum positioning of the reset pulse in the cycle is possible. Even 
though this timing chart shows the reset pulse starting the cycle, reset could just 
as easily be at the end of the cycle. Later discussion will show that clock and chip 
select can be tied to the same pin and be the same signal. In fact, new versions 
of this 1,024-bit storage element are being manufactured in an 18-pin package 
(TMS4063). 

The drive voltages for clocks and for the address inputs swing from ground to 
+ 20 V. The same drivers as used for the previous system can be used. The write 
voltages will be different. The two digit lines must swing from VREF to Vss' 

I 
I 

TMS 4062 

I-+-60~ 100 ~ 
~s------~I--~l l~------

CIOCk
voo

_ : lLJl 
I I I 
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Fig. 10.27. Timing chart of a 
1,024-bit storage element. 
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Fig. 10.28. A monolithic sense amp and write driver. 

Controller. Referring to the controller for the previous system (Fig. 10.23), it can 
be seen that the timing generator can use the same techniques as before to generate 
the reset, clock, and chip select pulses. Logic would change to adjust the timing 
and to eliminate chip select on refresh. The refresh timing, refresh address counter, 
refresh address selectors, selectors for source I and source II addresses and for write 
data, are all the same as previously. Even the buffers, decode, and registers remain 
unchanged. Therefore, the same basic controller used previously is used. for this 
system. 

8K X 16 Board. On the 8K X 16 board signficant changes are made in the sense 
and write circuitry. To simplify the interface required for the sense amplifiers and 
write driver, monolithic integrated circuits have been designed to perform the 
required functions shown in Fig. 10.28. This provides a great advantage because 
one package contains dual circuits that provide the functions required instead of 
the functions being implemented with discrete components or a combination of 
discrete and monolithic circuits. 

Reading the differential current from the storage element (TM4062) requires the 
write enable (WE) signal to be high and the read enable (RE) to be low. Under 
these conditions, the I/O lines and the input to the sense amplifier are at reference 
voltage potential. The differential current of 100 flA is detected, passes through 
the enabled strobe gate, and is converted to a TTL output DO-I. This output can 
be an open collector or have a pull-up resistor allowing 20 outputs to be bussed 
or dotted together. 
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Writing into the storage element requires the WE signal to be low and the RE 
signal high. Under these conditions, the I/O lines will have complementary states­
one will be near Vss and one will be at the reference voltage. Their state depends 
on the level of the data input. The sense amplifier inputs are protected from the 
high input voltage and the output is disabled by the strobe gate. All loads have 
an ILF of one standard TTL load. A chip enable is available if required for 
additional gating. In our system application, it is tied to a high level. 

Specifications of the monolithic sense amplifier and write driver (SN75370) that 
are a concern for the system application are: 

Write propagation delay-50 ns with 60 pF load 
Sense amplifier-Converter delay-60 ns 
Power dissipation (per circuit)-(Read)-225 m W 

(Write)-350 mW 
(Standby)-175 mW 

The load of 60 pF represents driving 16 storage elements. The system requirement 
is for 8. 

Examining the block diagram of the board (Fig. 10.29), the changes are indicated 
by a shaded block. The monolithic sense amplifier and write driver has replaced 
the individual sense amplifier and individual data-in drivers. This saves 8 data-in 
driver packages. A change also occurs in the read/write select logic. The two 
SN74H40 gates of Fig. 10.19 feeding write select and read select are eliminated 
because the inversion is no longer required with the sense amp/write driver package 
(SN75370). However, the SN74HOO gate in this same logic (Fig. 10.19) must be 
changed to a SN7437 in order to handle the load of 16 standard TTL loads. 

Board 

8K X 16 storage 

Fig. 10.29. 8K X 16 board block 
diagram. 
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Table 10.5. Input Capacitive Load (picofarads) 

Address. . . . . . . . . . . .. 3.5 
Reset .............. 40 
Clo'ck .............. 18 
Chip select ........... 18 
I/O . . . . . . . . . . . . . .. 3.5 

It was mentioned previously that chip select need not be enabled to refresh; thus, 
driver power could be saved. By driving chip select and clock together, four drivers 
can be saved, eliminating the possibility of reducing the power on refresh. These 
drivers are eliminated in the system that follows. 

The loading on the drivers needs to be checked to determine if any overloading 
occurs because of a new storage element. Table 10.5 lists the storage element input 
and output capacitive loading (ILF). 

Loading factors using these input capacitive loads can be calculated as before. 
These are listed in Table 10.6. 

The address capacitive load is reduced in half from the TMSll03. This means 
that the number of drivers can be reduced in half. However, to minimize power 
dissipation, a choice is made to continue to enable only those address devices for 
the 4K segment of memory that is selected. Therefore, 20 address drivers are still 
required. The clock and chip select drivers are similar to the load for the TMSll03, 
but if combined, will present a load of 576 pF-still quite acceptable for the driver 
(SN7536l). The big load difference is in the reset load-640 pF-however, the driver 
can still handle this with an increase of only 5 to 10 ns in delay. Parallel units can 
be used if this is critical. 

With this large load on reset, it would seem that the dynamic power dissipation 
would be higher than the previous system under normal operation. It is, but the 
difference is small because the address capacitive load has been reduced in half and 
compensates. On refresh, approximately the same total capacitance is being driven, 
so power dissipation is the same-unless chip select is disabled. 

Total System. In Fig. 10.30 the controller and the 8K X 16 board are combined. 
As mentioned previously, the controller is considered the same; the only significant 
changes are in the boards. 

What are the results? First, a comparison of the 8K X 16 board package count. 
This is shown in Fig. 10.31. Recall that the first system has 172 packages. This 
system has a total of 158 packages, 14 less packages. This reduced number results 
from 8 less packages of data-in drivers, 4 less packages of clock drivers, and 2 less 

Table 10.6. 8K X 16 Loading Factors (picofarads) 

Address . . . . . . . . . . . . . 448 
R ................ 640 
C, CS .............. 288 
I/O . . . . . . . . . . . . . .. 28 
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Fig. 10.30. System diagram-controller and board. 

logic packages. Since the special timing circuit for turning off precharge in the first 
system is no longer required, another logic gate package is also saved in addition 
to the previous one. 

Second, performance can be defined by examining the timing chart (Fig. 10.32). 
The time provided for the external decode logic, the address selectors to energize, 
and the stabilization of the address is 111 ns from the start of a cycle due to cycle 

Storage .............. . 
Sj A (plus write) ......... . 
Drivers 

RjW .............. . 
Pre (reset) ........... . 
Cen (C1k, CS). . . . . . . . . . 
Address ............. . 
Data in ............. . 

Logic ............... . 

Total. ............... . 

TMSll03 
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8 

4 
4 
4 

10 
8 

30 
6 

172 

TMS4062 

128 
(8) 

(4) 
(4) 
10 

18 
4 

158 
Fig. 10.31. Package count on the 
board (8K X 16 packages). 



Fig. 10.32. A timing chart for the 
system. 

MOS Random Access Memory Applications 269 

~1~~-----500--------~~1 

o 1 2 3 4 5 6 7 8 9 10 11 12 
I I I I I I 

f+ll1~150-1 
------i'r 

I 
Cycle request --./~----i-------il-------"\.. ...... __ 

Clock 

Chip 
select 

Read enable 

Data out 

Write enable 

I 
I 
I L-J 

---~-----+I--~L---Jr--­
I 

!- ~~ ~150+40 ~, .... _ 

t-oIE~---340 ~ 

Write 

Data in -y: -....r--
~---~ 

request. The system access time is 340 ns from the start of reset-precharge-rather 
than 430 ns previously. The cycle time is now 500 ns instead of 750 ns. 

The count of selected packages for a word of 16 bits is: 

16 storage elements 
10 address drivers 
2 clock drivers 

16 Sj A, write driver 
4 logic packages 

One hundred and twelve storage elements are unselected. 
Power dissipation is 10.3 W (83 p.W per bit), approximately half the power 

dissipation of the previous system under these conditions. 
Summary of the Two Systems. The 8K X 16 board for the second system uses 

14 less packages, dissipates about one-half the power, and has an access time which 
is at least 30 percent faster. So the storage element with the four negative factors 
really provides some significant performance advantages when designed into a 
system. The extra power supply required does not seem a deterrent, but the large 
package may influence some system designers. However, as mentioned, an l8-pin 
package is available. The much simplified timing and the reduction to only two 
clocks certainly are advantages that are very significant. 

Semiconductor mainframe memory using MOS random access storage elements 
is here today. The techniques and approaches that have been discussed provide 
million bit memory systems which are easy to use and which provide speed perform­
ance and low cost that exceed cost-effective core systems by a factor of 2 to l.11,14 
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10.7 CONTINUING DEVELOPMENTS 

Developments are continuing at a rapid pace in four areas: faster speeds, higher 
density, more low-level logic input compatibility, and n-channel processing. 
P-channel is not to be discarded, for, as previously mentioned, it has been the early 
leader in lower cost devices and progress is continuing. For example, the 1103 storage 
element has faster speed versions with access time under 200 ns (ta = 150 ns).3 
Additional developments by the industry also have pin compatible 1,024 p-channel 
units that do not have the timing constraints that exist for the 1103.3,21 

P-channel advances in density have produced a 2,048-bit storage element 
(TMS6003) with these major characteristics: 

Organization ........... 2,048 X I 
Decode ............... Fully decoded 
Signal levels 

Clock .............. ~HB: +4 V 
~LA: -14 V 

Inputs except clock .... ~HB: +3.5 V 
~LA: +0.5 V 

Output . . . . . . . . . . . . . .. Single ended with 
output current at 

Access time tpA ' •••••••• 360 ns 
Read cycle ............ 595 ns 
Write cycle ............ 595 ns 
Refresh time ........... 2 ms (70 0 C) 
Power dissipation ....... 160 mWoperating 

Terminals 
II address 
Data in 
Data out 
Write enable (R/W) 
Chip select 
Timed signals 

I. Clock I 
2. Clock 2 
3. Clock 3 

Power 
1. Vss: +5.0 V 
2. Vsx: +8.0 V 
3. Vnn: -15 V 

Package .............. 22 pin dual-in-line 

One level 0.6 rnA min 
Zero level 0.1 rnA max 

Besides its increased density, another important feature of such a storage element 
is the compatible drive with low-level logic on all inputs except the three clocks, 
thus removing the requirement for many special high-voltage translators on the 
address, write enable, and chip select input lines. The clock voltages must still be 
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typically 20-V signals, and they do require translation. In addition, level shifting 
must be provided from the driver input low-level logic. A rather inexpensive ap­
proach is shown in Fig. 10.33a, using a driver similar to the one for the 1103 system 
(Fig. 10.3) coupled with a discrete PNP transistor. The pull-down time constant is 
dependent upon the value of RL and therefore can be a limiting item for maximum 
speed performance. 

If the high level of the drive voltage to the discrete PNP needs to be a value 
closer to + 5 V, VCC2 on the driver can be raised to a voltage greater than + 5 V 
or a pull-up resistor can be added in the input line as shown. Obviously more 
power dissipation results. 

+5V 

+5V 

+8 V +5 V 
Vsx Vss 

TMS6003 

-15_V ......... _____ -o- 15 V 

(0) Voo 

+8 V +5 V 
Vsx Vss 

TMS6003 

-15 V ---6-+----41----;-----0- 15 v 
1112 SN75361A I 

( b) 

Fig. 10.33. Driver, translator, and level shifter: (a) simple resistive 
load; (b) active pull-up and pull-down. 
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A translator configuration that has much better drive capability is shown in Fig. 
10.33b. An additional power supply line is required, but the gate interface to the 
PNP is now a simple low-level logic gate. 

Other features are incorporated in the 2,048-bit storage element to eliminate 
support circuitry. The data-out and address lines already have latches built onto 
the chip; therefore they are not required externally. The output drive can be fed 
directly into a TTL gate, a sense amplifier with a TTL output, or a discrete device.15 

The 3-transistor cell is of the complementing type discussed in Chap. 5 and contains 
a data control register to keep track of the data as they are refreshed. 

Certainly the increased density per package, the low power dissipation, and the 
peripheral circuit savings are distinct advantages to the designer. Added to these 
is the implied increased reliability because of less system external interconnection. 

However, the desire for more density continues, and a 4,096 p-channel storage 
element has been reported by Lambrechtse, Salters, and Boonstra.16 Such a storage 
element is expected to have an access time of 300 ns and a cycle time of less than 
450 ns with the dissipation to be 150 mW. Again, address and input/output lines 
would be low-level logic compatible. Only one clock is required at a 10-V level, 
but other clocks are generated within the storage element. The I-transistor cell size 
falls within the sizes discussed in Chap. 5: 1.35 sq mils. 

Obviously such density, low power, and easy-to-use features are quite important, 
as we have emphasized many times, and the standard p-channel technology is 
important from an economic standpoint. However, the remaining area of intense 
development activity-n-channel proeessing-adds another dimension of increased 
speed performance to these advantages. 

10.8 N-CHANNEL RAMS 

In Chaps. 2 and 5 the advantages of n-channel MaS devices for RAM cells and 
storage elements were discussed. Let us review these. 

First, the higher mobility provides an increased transconductance, gm' and thus 
faster speed performance (by a factor of 2; see Chap. 2). Second, lower voltage 
operation is possible, resulting in higher density packing. Third, the lower voltage 
operation provides the interface compatibility with low-level logic that makes n­
channel storage elements easier to use because of the simplified peripheral circuitry. 
Two significant additional advantages result from the n-channel developments: 
simplified refreshing and simplified timing. 

Developments have occurred in both the static and the dynamic area. Follow­
ing the lead of Altman,3 these can be summarized into three application segments 
as shown in Table 10.7. The fastest performance with moderate density and mod­
erate power dissipation is for segment I, the simplest to use for segment II, and the 
lowest cost and highest density for segment III. 

10.9 INTERFACE WITH N-CHANNEL 

Before proceeding with the application of specific n-channel storage elements, it 
is necessary to look at the difference between the interface of typical NPN bipolar 
integrated circuit drivers and the n-channel MaS RAMs. 



MOS Random Access Memory Applications 273 

Table 10.7 Product Segments for n-Channel 

Speed Power 
performance, Density, dissipation, Power 

Segment Cost ns bits mW supplies Interface 

I High Fast Moderate Moderate More than Moderate 
(50-80) (I-2K) (150-500) one to easy 

II Medium Slow Moderate Moderate One Simple 
(300-1 ,000) (I-2K) (150-300) 

III Low Moderate High Moderate More than Easy 
(150-500) (4-?) (400-800) one 

Figure 10.34 compares a typical p-channel and n-channel gate being driven by 
a bipolar driver with active pull-up on the output. Note that the output of the 
NPN bipolar driver IC is high (near + VCC2 ) when the p-channel device is held off 
but must be low (near ground) when the n-channel device is off. The normal NPN 
bipolar driver IC dissipates a large amount of power when the output voltage level 
is low but much less power when the output voltage is high. As explained for the 
driver of Fig. 10.3, for example, typical power dissipation is approximately 173 mW 
when the output level is low and 13 m W when the output level is high. 

Under the same operating conditions and voltage swing, the operating power for 
a given duty cycle for driving the input capacitive load for either the n-channel or 
p-channel would be the same. It is made up of the typical operating power dissipa-

MaS Input Vo State of 
logic level value p-channel gate 

VOH Near Vss (+ VCC2 ) Off 
VOL Near Voo (GNO) On 

+VCC2 Vss 

VCC1 + 5 V 

Bipolar driver MaS storage element 

(a) 
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MaS Input Vo State of 
logic level value n- channel gate 

VOH Near Voo (+ VCC 2) On 
VOL Near Vss (GNO) Off 

+VCC2 Voo 

VCCl + 5 V 

I I 
I I I 
L __ -r_.1_-L-

I 
I 
I 

~--...~ ~ 0- ChaoMI 

~~ __________ ~~r-____ ~ __ +-____ ~Vss 
I MaS storage element Bipolar driver 
I 

(b) 

Fig. 10.34. Bipolar to MOS interface: (a) p-channel; (b) n-channel. 

tion of the driver itself (for Fig. 10.3 approximately 95m W for a 50 percent duty 
cycle) and that given by Eq. (10-4) due to the dynamic power dissipation. 

Under standby conditions or conditions of unselected storage elements, the situa­
tion is different. Under these conditions, as demonstrated in Figs. 10.18 to 10.21, 
the system design is implemented in a majority of cases to keep the driver power 
dissipation to a minimum. Because the standby level or level for holding the internal 
n-channel devices OFF is the high dissipation state, additional design features must 
be added to keep the dissipation to a minimum. Other gating or new PNP integrated 
circuit drivers must be developed and applied to accomplish this. 

Several examples of other gating are shown in Fig. 10.35. In Fig. 10.35a the driver 
output stage voltage supply line, VCC2' is gated to all the drivers on the board only 
when the board is enabled. This saves 66 percent of the power dissipated when 
the driver output is in the low level. In Fig. 10.35b both the driver output stage 
and low-level logic voltage supply lines are gated. This saves considerably more 
power, another 29 percent, because the input stages to the drivers dissipate significant 
power. This configuration gates a separate voltage supply line, VBB, that supplies 
the base of the output stage driver transistor (SN75365). Thus the VEB voltage can 
be greater than Vss and the output voltage pulled closer to Vss for more design 
noise margin. Again the control input could be board enable. Resistors R2 must 
be added to the output line of the driver to discharge the MaS control line to ground 
when the driver supplies are disengaged. R 1, of course, is just to prevent ringing 
on the lines. In Fig. 10.35c the voltage supplies of the driver are not gated, but 
a PNP inverter is placed in the logic path so that a high level output from the NPN 
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Fig. 10.35. N-channel drivers with low standby power: (a) output stage voltage 
only; (b) output stage and input logic; (c) low standby. 
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integrated circuit driver is now a low level to the n-channel MOS. Both these stages 
are then in a low-power dissipation state. The drive time constant is limited by 
the load resistor and line capacitance [see Fig. 9.7 and Eq. (9-15)]. 

10.10 APPLICATIONS 

10. 1 O. 1 Simplest to Use 

Now let us expand on the application ofthe product segments which were illustrated 
in Table 10.7. First, segment II. The developments ofn-channel RAMs that operate 
from a single + 5 V power supply make them completely compatible with bipolar 
low-level logic. The advantages cited for n-channel due to low voltage operation 
have resulted in the design of static MaS RAMs with 1,024 bits with little more 
chip area than used for a p-channel with 256 bits.3 Since these are static they need 
no refreshing and no excess interface circuitry. They are, however, much slower 
than the fast dynamic RAMs of segment I. With features similar to bipolar, such 
n-channel units are in direct competition with their bipolar counterparts in equip­
ment where speed performance is of no concern. For example, Table 10.8 contains 
data of a simple system such as shown in Fig. 9.17. It has been converted to a 
lK X 16-bit memory system with four times the capacity with the addition of the 
necessary address signals (substitute 74174 register for 74175). The number of 
packages is the same. Note the access time is something greater than 500 ns, rather 
than less than 60 ns. In exchange for the loss in speed performance, there is almost 
seven times less system power dissipated per bit of storage. Similar conversions 
can be made for the other bipolar systems of Chaps. 9 and 11 with corresponding 
reductions in power dissipation and much slower access times. 

10.10.2 Fastest Speed Performance 

Segment I of Table 10.7 is the product segment that has the fastest speed perform­
ance. As indicated in the table, the access times are 50 to 80 ns. In Chap. 5 the 
internal refresh dynamic RAM cell was discussed: first, the system is simplified 
because extensive refresh circuitry is eliminated; second, there is more availability 
of the memory because there is no down time for refreshing. 

All 1,024 bits of a storage element made from these cells are simultaneously 
refreshed by the application of a write pulse, and one such pulse can refresh an 
entire system because storage elements that are not enabled are also refreshed.17 

Therefore, on write cycles the total memory is refreshed and, by including a write 

Table 10.8. Bipolar versus Static n-Channel 

System Packages Access time, ns PD, W PD/bit, mW 

Bipolar 21% <60 :S;9 :S;2.2 
256 X 16 

N-channel 21% >500 :S;5.8 :S;0.3 
MOS RAM 
1,024 X 16 
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pulse at the end of a read cycle, or in other words every system cycle, no memory 
system interruptions result. This of course extends the cycle time typically from 
200 ns to 500 ns. F or fastest speed, a single pulse can be used every 2 ms. No 
address selection is required and the memory is busy due to refresh only 0.01 percent 
of the time. Systems of this type, described by Walther,17 are shown in Figs. 10.36 
and 10.37. A timing diagram (Fig. 10.38) identifies the time sequence of pulses 
applied to the storage elements from the control circuitry shown in Fig. 10.37. The 
timing for refresh is now simply providing a memory busy pulse which enables a 
write pulse and disables the chip enable control signal, with this occurring if there 
has been no write cycle for 2 ms. The same generation technique referred to previ­
ously for timing can apply. Because of the simplicity, one-shot multivibrator inte­
grated circuits are well suited for this application. 

Memory busy 

Computer signal J 2-ms r-clock I timer 

1 
~ +-- R/W Memory 

Read Read/write array 
timing 

Write generator Chip enable 
EA1500 

CPU 
Data in 

Data out 

Address 

Fig. 10.37. Periodic refresh. 
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Memory busy 
___ ----JI\ ________ 

CE 

R/W 
______________ ----Jr-\~ ______ _ 

Fig. 10.38. Control signals for periodic refresh. 

However, the interface is somewhat complicated. In this particular design 
(EA1500)plus and minus power supplies of 12 to 15 V must be used, and the address 
signals and control signals must have translators and level shifters from low-level 
logic to + 12 to 15 V and -12 to 15 V. Therefore, the interface requirements are 
comparable to the p-channel high-voltage system discussed and are not as simple 
as indicated in Figs. 10.36 and 10.37. 

In Chap. 5 the charge pump RAM cell was discussed (see Fig. 5.17). This concept 
has been applied to the 4-transistor cell illustrated in Figs. 5.5 and 5.6. Figure 10.39 

Reset 

Charge pump supply 

I 
D, 

Row 
select 
--~----~------------------------------~------~ 

Fig. 10.39. Charge pump refreshing. 
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shows such a cell. The addition of devices T5 and T6 to each cell performs the 
charge pump function and keeps the data continuously refreshed onto C1 and C2 

as appropriate. Such an MOS RAM cell, when used in a storage element, now 
has the characteristics of a static RAM storage element but the density and power 
dissipation of a dynamic storage element. For example, a 1,024-bit storage element 
has demonstrated access times of 55 ns and a cycle time of 180 ns for both read 
and write.18 

Considerable power-450 to 500 m W -is dissipated in the storage element when 
it is operating to obtain this speed. Normal standby power would be high also, 
but with the charge pump refreshing, the power down standby mode power is only 
2 mW. This represents a power dissipation of the same order of magnitude as the 
previous p-channel 1,024 chip with row selection refresh (ef TMS4062). 

The interface to all input signal lines except clock is compatible to low-level logic; 
however, pull-up resistors must be provided on normal TTL driver outputs to make 
sure the MOS input voltage high-logic level is greater than 3.5 V. Such a storage 
element, because of the speed performance, is more likely to be used with EeL logic. 
The input interface to ECL 10K is shown in Fig. 10.40. 

The clock level must be a 15 V signal and can be interfaced as shown in Fig. 
10.40. The reference voltage and substrate bias voltage must also be provided. 

The output is a differential output that must be referenced to + 8 V. Its interface 
is shown in Fig. 10.40, again to ECL. A voltage-controlled oscillator whose output 
is a square wave is used as the charge pump source. Its frequency can be adjusted 
by varying the VRANGE voltage; 100 kHz seems to be a recommended frequency. 
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Other 
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Fig. 10.40. Interface to charge pump n-channel storage element. 
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Of course, gated power lines can be used to reduce driver power, as previously 
discussed and as indicated on Fig. 10.40. 

Many interfaces may be required with IBM's 370 systems. Converters are avail­
able (ACI736, AC1737) from these ECL logic levels to TTL, and vice versa. The 
TTL input drivers previously discussed can then be used. 

Besides the high-speed performance, input signal compatibility and simplified 
refresh circuitry are added benefits of the use of such a unit. 

10.10.3 Lowest Cost, Highest Density 

The third product segment (segment III) is one designed for lowest cost per bit 
of storage. Highest density per package is the tool and, of course, at the fastest 
speed and the lowest power. The design approaches were outlined in Chap. 5 and 
there are many approaches being followed,19 so let's look at a specific unit. Our 
choice is a unit using a I-transistor cell, the TMS4030. It has the following charac­
teristics: 

Organization ......... . 
Decode ............. . 
Signal levels 

All inputs other than 
clock .......... . 

Clock 

Output ........... . 

Access time t pA • • • • • • • • 

Read cycle .......... . 
Write cycle .......... . 
Refresh time. . . . . . . . . . 
Power dissipation ..... . 

Terminals 
12 addresses 
Data in 
Data out 
R/W (read/write) 
Clock 
CIS (chip select) 
Power 

1. VDD : + 12 V 
2. Vee: +5 V 
3. Vsx: -3 V 
4. Vss: GND 

4,096 X 1 
Fully decoded 

~H: 2.4 V 
~L: 0.6 V 
~H: +12 V 
~L: OV 
Three-state: 

High level-2 rnA @ 2.5 V 
Low level-3.2 rnA @ 0.4 V 
High impedance-clock low or CIS high 

<300 ns 
>470 ns 
>470 ns 
2 ms (70°C) 
660 mW total operating 
400 m W typical operating 
0.1 mW per bit 
2 mW standby 
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Fig. 10.41. A 4,096-bit n-channel storage element block diagram. 

All signal lines are true TTL low-level logic compatible except clock. Note that 
even with the density of 4,096 bits the access time is 300 ns, and the cycle time of 
470 ns and the power dissipation of 0.10 mW per bit are the same range of perform­
ance parameters as for the low-cost p-channel dynamic storage elements. 

The block diagram (Fig. 10.41) shows a square matrix such that each one of 64 
rows must now be accessed every 2 ms at 70°C in order to refresh the storage 
element. . Note the rows of dummy cells and the control circuitry. These are used 
for internal control of the data. The output now is a three-state output with a high 
impedance state when the chip is not enabled or selected. 

The line capacitances are shown in Table 10.9. This storage element can now 
be substituted for the 1,024-bit storage element used for the systems previously 
discussed. For example, the 8K X 16 board (see Figure 10.16) now becomes a 
32K X 16 board. The package size has changed to a 22 pin dua1-in-line package, 
increasing the board area required. 

The loading on the lines can be checked by using the loading equations of 

Table 10.9. 4,096 n-Channel 
Line Capacitance 

Line 

Clock 
CIS 
R/W 
Address 
Data in 
Data out 

Max. capacitance, pF 

27 
6 
7.5 
7.0 
6.0 
7.0 
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Table 10.10. Comparison of Driver 
Loads for Two Systems 

Line 8K X 16, pF 32K X 16, pF 

Address 896 896 
Clock (Pre) 288 432 
CjS (Cen) 288 96 
RjW (RjW) 240 }20 
Data in 40 48 
Data out 24 56 

Chap. 9. The results compared to the previous loading for the 8K X 16 board 
(TMSII03) are shown in Table 10.10. The address load is the same in both 
cases and the only significant load difference is in the load on the clock. This, 
however, is still well within the capabilities of the drivers used. 

Referring to Fig. 10.16, it can be seen that the sense amplifiers and write drivers 
can now just be straightforward TTL gates since the output and input current and 
voltage levels are TTL compatible. A TTL gate with a three-state output on the 
data-out line can be an advantage (SN74S134). All the address drivers should still 
be SN75361 drivers because of the current output for fast charging and discharging 
of the line capacitance. However, the voltage supply is now +5 V rather than the 
high-voltage level. The same is true of the R/W and CIS driver. The only one that 
is high voltage ( + 12 V) is the clock driver. On all these drivers the gating of the power 
supply to provide a low dissipation state can be implemented. Of course, two more 
address signals are required because of the larger number of bits in the storage ele­
ment. Since the address drivers must be doubled because of the capacitive load, four 
more drivers are required. 

The other logic can remain the same as before if the power supply gating is not 
used. 

Table 10.11 gives the package count comparison and the power dissipation of the 
board for the two systems. The power dissipation is with 16 memory modules 
selected and 112 unselected and the associated logic, drivers, sense amplifiers, and 
write drivers activated. Note the very small increase in packages (four) for a very 
large increase in memory capacity and a 5: I reduction in power dissipation per bit. 
Approximately the same speed performance is obtained as with the p-channel 
TMSII03. 

The timing generator must be changed because of the much simpler timing. The 
refresh address times must be made to run faster, for now 64 lines must be covered 
in 2 ms and, of course, another refresh address must be selected. 

Table 10.11. Comparison of Boards for p-Channel 
and n-Channel Systems 

System Packages PD total, W PDjbit, p,W 

8K X 16 board 172 21 167 
(TMSl103) 

32K X 16 board 174 16.2 31.6 
(TMS4030) 
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10. 11 FURTHER DEVELOPMENTS 

Already projections are being made for 8K and 16K storage elements. Hoffman 
and Kalter20 reported on an 8,192-bit p-channel silicon gate storage element using 
a I-transistor cell. Initial access time is 1,730 ns but subsequent access time is 540 
ns. Other units of the same density and beyond using n-channel are certainly likely 
in the next few years. Such progress in design of products that are easy to use, 
promote system simplicity, and have low cost potential will continue into the fore­
seeable future and provide exciting product developments to assure that the main­
frame memory designer will continue the innovative and pervasive application of 
semiconductor storage elements. 
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1 1 

Large Mainframe Memories 

11.1 INTRODUCTION 

Although semiconductor storage had its initial applications in the smaller memory 
systems for minicomputers and small data processing systems, semiconductor storage 
is also entirely applicable to large mainframe memory systems.1,2 In fact it is more 
than applicable; it is cost effective for large systems being designed today. In this 
chapter discussion concerns the application of semiconductor storage elements in 
large mainframe memory systems. 

During several generations of computers, CPU speeds have increased by a factor 
of 1,000; such high speeds have provided the ability to handle larger problems and 
have resulted in demands for much larger memory capacities. No longer is memory 
capacity limited to thousands of words; memory capacity is now in millions of 
words. Moreover the memory system designer not only wants large capacity; he 
wants fast-speed operation also, speeds comparable to those of the CPU. But these 
desires for high-speed performance and large capacity are contradictory. Large­
capacity memory has been large physically~ and the propagation time of data, even 
at the speed of light, results in time delays from CPU to memory and back again 
that are two or three times the access time of the basic storage module itself. For 
example, the IBM 360/95 has a basic storage-module access time of 60 ns, yet the 
CPU's true access time to 128K, 64-bit words is 180 ns. 2 

The two-level memory concept made possible by the advent of high-speed semi­
conductor storage elements has changed this. The fact that semiconductor inte­
grated-circuit technology made possible SC storage elements and systems with 
sufficient capacity to match the CPU speed was the key to successful application 
of a two-level main memory. 3 

11.2 TWO-LEVEL MAIN MEMORY 

A multilevel memory system, properly organized, can resolve the clash between 
the desire for CPU memory speeds and the physical factors limiting the perform­
ance. The two-level main memory consists of two memories as illustrated in Fig. 
11.1. One memory is a buffer store identified as Me, with the C designating this 
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CPU 

Me 

Buffer 
storage 

Speed 
matches 

CPU cycle 

~ 
Primary 
storage 

10- 25 slower 
than Me 

Fig. 11.1. A two-level main memory block 
diagram. 

buffer as a cache memory. The buffer memory is small, fast to match the CPU 
cycle and close-in for quick accessibility. The other memory is the Mp , or primary 
storage, which is a large-capacity memory whose cycle time is 10 to 25 times slower 
than that of the Me. To the program and the CPU, the cache memory looks like 
the main memory, and the cache, containing instructions and data immediately 
required for processing, exchanges these directly with the CPU. 

Information is transferred from Mp to Me in blocks with more information being 
transferred to Me from Mp than is immediately requested by the CPU. Therefore, 
most of the time the information required by the CPU is in Me and accessible at 
the CPU's cycle speed. The concept is feasible because programs usually consist 
of lists of instructions in successive locations, to be executed in sequence with blocks 
of data usually in adjacent locations. Stated another way, most of the information 
required by a program at a given time is found together in a relatively small segment 
of storage. If the information required by the CPU is not in Me, then the request 
is sent to Mp and the block of information containing the desired data is transferred 
to Me. This does call for slowing down the CPU to the Mp cycle speed until the 
data are transferred, but subsequent information will then most likely be in Me, 
and the CPU once again requests and receives these data at the rate of the CPU 
cycle. 

Three features of this two-level concept contribute to increased processor per­
formance.3 First, it increases the useful bandwidth of Mp. Second, valuable infor­
mation is prefetched and present in Me. And third, information contained in Me 
is frequently reused. Of course, one of the requirements of the system is that the 
request for information from the CPU must be compared with the data in the cache 
memory to determine whether the information is present in the cache or must be 
fetched from Mp. 

11.2.1 Analysis of Two-level Systems 

The techniques of organizing the data flow are of interest to allow the charac­
teristics of the buffer storage and the primary storage to be identified. 

Four types of buffer designs have been analyzed: fully associative, sector, direct 
mapping, and set associative. Several articles by Conti,3 Mead,4 and Scarrott5 survey 
these various two-level memory systems. In the discussion in this chapter the details 
of the direct mapping and the set-associative approach will be described as they 
relate to a small computer system and a large computer system, respectively. The 
fully associative buffer and sector buffer designs will then be compared, generally, 
to the other two designs. 

Direct Mapping. Although the two-level memory has been applied most efficiently 
to large computer systems, as will be discussed for the set-associative design, it also 
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has been utilized in small computers by using the direct mapping design. Bell and 
Casasent6 described such a system. 

Block Diagram. Figure 11.2 shows an Mp of 2n words and a buffer storage Me 
of 2m words. Mp is divided into sectors of 2m words or blocks, identified by tag 
bits for each sector from 0 to 2n/2m - 1. In effect, each "buffer-full" is numbered. 

When sector S is stored in Me from Mp, all 2m words or blocks of sector S are 
transferred and stored in Me and identified with tag bits for sector S. Block X of 
any sector of Mp will be contained in the same X position in Me. The address for 
block X for each sector remains the same-only the sector tag bits change. The 
location of the word in Me locates the block in the sector, and thus the block in 
Mp that contains the word. Identifying the tag bits locates the sector of Mp from 
which the block was taken. 

The CPU requests one of the 2m blocks of information via an effective address 
which contains the block address and the sector tag bits. The address locates the 
block in Me. We need only compare the tag bits of the accessed data from the 
Me block, with the CPU effective address tag bits, to determine whether the data 
in Me can be used by the CPU. If the data are in Me, the CPU uses them. If 
not, the data must be brought from Mp. Note the write tag bit. When new data 
are written into a particular block, this write tag bit is made a 1. Now when new 
data from Mp are exchanged in Me, the blocks with the write tag bits of 1 must 
be rewritten into Mp to update the data in Mp. 

Other schemes of accomplishing the rewrite or update are possible. For example, 
every time new data are written in Me, they are also written into Mp. Every time 
the data in Me are replaced, all data in Me are rewritten into Mp. The particular 
technique depends on the choice of the designer for the specific application. 

Controller. A controller block diagram6 for direct mapping for the small computer 
is shown in Fig. 11.3. A comparator is shown between the registers of the CPU 
and Me to compare the effective address (MA ) and the data out (Do) of Me. The 
memory address from the CPU goes to Me; if the Do from Me contains tag bits 
that match MA, then the CPU proceeds. If the data do not match, then MA is sent 
to Mp, and that sector of data is brought into Me. The distribution of data-in (D[), 
effective memory address (MA ), and data-out (Do) is indicated from the I/O lines 
to the primary memory Mp and to Me. 

Fig. 11.2. Direct mapping. 
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Fig. 11.3. Block diagram of a small computer controller. 

Note that in such a direct mapping scheme there is no content addressable mem­
ory; 7 only a comparison circuit is present, thus avoiding the complexity inherent 
in CAM circuitry. 

A timing diagram (Fig. 11.4) relates the various decision times to the Me cycle 
time. At t = 0, a memory address is received. At t1, the data out are valid and 
tag bits are compared to determine if the data are in Me. If they are, the CPU 
proceeds with the next instruction and the next memory address, MA , through times 
t2 and t3' If the CPU proceeds, MA and D[ must be valid and the write or read 
mode line for the next cycle must be valid by t2• If tag bits do not compare, the 
Me cycle is stopped, sometime before t2, and the MA goes to Mp for retrieval of 
information, doing this at the slower time cycle of Mp. 

Since the block of data in Mp can only exist in one, and only one, block in the 
buffer, resulting in easy comparison and fast access to the buffer, the major disad­
vantage is that information for the next program step might require the same block 
in the buffer store as the preceding information except from a different sector. 
This would require every step be a slow Mp cycle because the data would have to 
be rewritten into Me. 

Set-associative Design. A buffer design used for larger computers is called the 
set-associative buffer. The capacity of the Me used for the larger machine is, of 
course, much larger than that used for the small computer. Figure 11.5 shows the 
set-associative design as described by Conti.3 This design alleviates the contention 
for the same block in the buffer storage as described for the direct mapping. Specific 
blocks in Mp are still in specific locations in the buffer storage, but the difference 
is that there is more than one slot at the specific location in the buffer. For example, 
in Fig. 11.5 Mp is a memory of 2n blocks or, in this example, 8,196. Me is a buffer 
storage that can hold a given number of blocks, but it is organized differently than 

~~S~YCle -r.;:~YCle l 
t =0 t1 t2 t3 t4 Fig. 11.4. Controller timing diagram. 
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Fig. 11.5. Set-associative two-level memory system. 

in Fig. 11.2 for direct mapping. Now the blocks are grouped in sets (in this example 
there are two blocks to a set). The capacity of the buffer is 2m sets-with two blocks 
per set-and if there are 25 sets (32), then the buffer storage contains 64 blocks. 

When the data are mapped into the buffer from M p , if block 1 maps into set 
1 then block 32 will map into set 32. Similarly, block 33 will map into set 1 and 
block 64 into set 32. However, there is no distinction which of the two blocks in 
the set holds the respective blocks of 1 and 33 or 32 and 64. 

In operation, if data are required by the CPU, the effective address from the CPU 
contains the address for the set number plus the tag bits to identify the block number 
in addition to the other data bits. The buffer storage, corresponding to the set 
location, contains tag bits for the two block numbers as well as the word number 
in that block plus other data bits. 

A comparison of the tag bits from the two blocks with the tag bits in the effective 
address from the CPU determines if the data required are in the buffer storage. 
If a match occurs, the selected data are gated through. If a match does not occur, 
then the data must be selected from Mp and written into Me. 

In set-associative design twice as many tag bits must be compared as for direct 
mapping but, again, the storage for the tag bits need only be random access4 and 
not content addressable. This again eliminates the complexity necessary with 
content addressable storage. 

Fully Associative Design. With the fully associative design, the Mp and Me are 
again divided into blocks. Any block in Mp can be mapped into any block in Me. 
A fully associative comparison of the tag bits for the block of data must be compared 
to every tag in the buffer storage calling for a content addressable storage of the 
tag bits.4 This produces a very slow access to the data and a very complex circuit 
package. 

Sedor Buffer Design. In sector buffer design, Mp and Me are divided into sectors 
much larger than the block size of the other designs. Any sector in Mp can map 
into any sector in Me. The sector is further subdivided into blocks, but only sectors, 
one at a time, can be mapped into Me from Mp. 
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Considering its advantages and complexity, sector buffer design can be placed 
between the fully associative and the other designs. Its advantage is that it uses 
relatively few tags, but it should be noted that it still needs the content-addressable 
or full simultaneous comparison. 

Because the set-associative design combines advantages of both the fully associa­
tive and the direct mapping designs, the set-associative design seems to be the most 
popular design for the large systems. 

11.2.2 Memory System Cost and Performance 

Size and Performance Ratios. The size and performance of the buffer and the 
primary memory for the small and large computer are shown in Table 11.1. These 
are actual sizes cited in articles by Bell and Casasent6 and by Gibson and Shevel. 2 

Mp is the primary memory, Me is the buffer or cache, and tcp and tcc are the primary 
memory and buffer memory cycle times, respectively. 

For the minicomputer, a 5l2-word Me and a 4,096-word Mp were used. The Me 
cycle time was 100 ns, while the Mp cycle time was 1 p,s, a ratio of 10 to 1. A system 
cycle time of 200 ns resulted from this combination. 

For the large computer, the ratio of Mp speed to Me was 12 to 1 (960 to 80 ns). 
In this example, the system speed was 100 ns, using an Me of 16K bytes and an 
Mp of 4 million bytes. 

Note that the buffer sizes range from 8 to 256 times smaller than primary storage, 
depending on the system with the buffer being from 10 to 12 times as fast as the 
primary storage. The size ratio may be as large as 1,000 and the speed ratio as 
large as 25 in some system designs. 

Simulated programs for large machine designs have indicated that, with a buffer 
of 16K to 32K bytes, this capacity is sufficient to hold, on an average, 95 percent 
of all storage requests from the cpu. Theoretically, this type cache system attains 
between 64 and 96 percent of the system performance that could, theoretically, be 
achieved with a single memory having the speed of the Me and the capacity of the 
Mp.2 

Cost-Performance Ratios. Following the lead of Bell and Casasent,6 relative cost, 
relative performance, and a cost-performance ratio of two types of two-level memory 
systems are shown in Table 11.2. Again, the two systems are the small and large 
computer systems that have been discussed. The single-level core main memory 
system is used for reference for all the relative comparisons, with comparisons made 
for present conditions and projected to 1975. 

Table 11.1. Two-level Memory System Size and Performance 

Size Performance 

Cycle 
Size time 
ratio ratio 

Computer Mp Me Mp!Me tep tee System Mp/Me 

Small 4,096 words 512 words 8 1 JLs 100 ns 200 ns 10 
Large 4M bytes 16K bytes 256 960 ns 80 ns 100 ns 12 
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Table 11.2. Two-level Memory System Relative Cost and Performance 

P C PIC ratio 
Speed performance Cost per bit all core = 1 

Computer 1972 1975 1972 1975 1972 1975 

Small 
All core 1 1 X X 1.0 1.0 
S CMOS 2 3 X 0.5X 2.0 6.0 

--
Cache/core 5 5 1.5 X 1.2X 3.3 4.1 
Cache/MOS 5 0.7X 7.1 -- --

Large 
All core 1 1 X X 1.0 1.0 
S CMOS 2 2 1.5X 0.5X 1.3 4.0 
Cache/core 10 10 l.lX 1.1 X 9.0 9.0 
Cache/MOS 10 0.6X 17.0 -- --

Comparisons are made between a single-level core main memory and: 

l. Cache/core which is a two-level memory system with a semiconductor Me 
and a core Mp 

2. Cache/MOS which is an all-semiconductor two-level memory system in 
which both Me and Mp are semiconductors (Mp uses dynamic MOS) 

3. SC MOS which is an all-semiconductor single-level main memory using 
dynamic MOS 

Performance. At present, for the small computer, the cache/core memory is five 
times faster than an all-core memory; the all-MOS memory is two times faster. 
Projected to 1975, and considering that the performance of core memory will increase 
slightly, the relative speed ratio between cache/core and an all-core memory will 
be the same, five times. However, because of n-channel MOS, the speed perform­
ance of the all-MOS main memory will be three times better than the single-level 
core system. The cache/MOS system, with a very economical dynamic MOS Mp , 

will have the same relative performance as the cache/core system since the perform­
ance depends heavily on the performance of the high-speed cache buffer. 

At present, the large computer cache/core system is 10 times faster than the 
single-level core; the all-MOS system is two times faster. The same relationships 
should continue through 1975, since the cache/core and cache/MOS systems are 
basically the same, and since n-channel MOS performance will not have much 
impact before 1975 on the very large economical mainframe memory, a memory 
will likely continue to be designed and built with p-channel MOS. The n-channel 
systems designed next year will start to have their impact after this. 

Cost. An all-MOS memory and a core memory for the small computer presently 
are considered at a size where the cost is the same as discussed in Chap. l.8 For 
the large computer, core is presently less expensive than all-MOS. The factor shown 
is l.5 higher cost for MOS. For 1975, in both the small and large computer, the 
all-MOS memory will be half the cost of core, as was explained in Chap. 1. 

A premium is paid for the high-speed cache memory. Presently, for the small 
computer the cost of the two-level cache/core is 50 percent more than core itsel£6 



292 Semiconductor Memory Design and Application 

Since semiconductor memory will continue to decrease in price as volume increases 
(Chap. 1), the cost differential for high-speed cache will decrease such that the 
relative cost for the cache/core is 1.2 in 1975. Note the cache/MOS relative cost 
for the small computer. Considering that the cache cost adds O.2X per bit to the 
total, the relative cost for the cache/MOS in 1975 is 0.7X. 

Costs of the large computer follow the same pattern as those for the small com­
puter. The cache is a smaller percentage of the total cost of the system because 
of the system size. Therefore, the cache/core relative cost is 1.1X and the cache/ 
MOS is 0.6X. Note that in both systems all-semiconductor memories have an 
excellent cost picture. 

Performance-Cost Ratio. A ratio is formed between the relative performance and 
the relative cost per bit for each system type for each year. This ratio compares 
the cost effectiveness of the memory system to provide a given performance at a 
given price versus the performance-price factors of an all-core system-the higher 
the ratio, the better the efficiency of the system. 

In both the small computer and the large computer system, the cache/core system 
has the highest present performance-cost ratio, 3.3 and 9. However, the comparison 
is quite different in 1975. The all-MOS main memory is more cost effective than 
core or cache/core for the small computer. But cost effectiveness of the all-semicon­
ductor two-level memory system is even more attractive. With bipolar buffer for 
Me and dynamic MOS for Mp , the relative performance-cost ratio is 7.1 for small 
computers and 17.0 for large computers-almost twice as effective as cache/core. 
As n-channel MOS high-speed units move into production, some of them will likely 
be used for the buffer. 

11.2.3 Summary 

Thus far the discussion has shown that using a fast buffer memory and a relatively 
slow primary memory simulates a virtual memory that has speed performance 
approximating that of the buffer memory. Also, it has been shown how a two-level 
memory, which is now a combination of semiconductor and magnetics, will probably 
be all-semiconductor. This will occur in the very near future when the MOS storage 
elements can be purchased at a lower cost per system bit than core. 

11.3 Eel MEMORY 

A key to a two-level memory is the buffer storage element. The TTL bipolar 
random access memory systems previously described in Chap. 9 can be used for 
these buffer storage systems and will provide access times between 60 and 100 ns. 
However, if even faster performance is desired, the systems designer can turn to 
ECL (emitter-coupled logic) integrated circuits. By design, emitter-coupled logic 
circuits operate the active transistors out of saturation, which avoids the common 
saturation time delay and restricts logic propagation delays to only a few nano­
seconds. In addition, the circuit outputs are designed to drive transmission line 
impedances of from 50 to 100 Ohms. Thus, the system designer who wants increased 
speed must accept increased power consumption per function. 

SC storage elements, fabricated using standard as well as isoplanar processing 
(Chaps. 2 and 4), . and having input drive requirements and data output levels 
compatible with ECL logic levels, are available in sizes of 64, 128, 256, and 1,024 
bits. Several units also have TTL or ECL levels at the input.9 
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To demonstrate the use of ECL storage elements in the design of a high-speed 
buffer, common available elements will be used. They are of the 64- and l28-bit 
capacity because the buffer requirements are for shortest access time. 

11.3.1 ECl Memory Storage Elements 

The memory cell and the characteristics of ECL memories were discussed in 
general in Chap. 4. Following is a summary of the characteristics of a specific storage 
element (SN8l002) presented here to allow it to be used in a system design. As 
previously stated, it has a capacity of 64 bits. 

64-bit ECl Storage Element 

Organization ........... 64 X 1 (64 words by 1 bit) 
Decode. . . . . . . . . . . . . . . Fully decoded 
Signal levels ........... ECL levels developed from a 

single negative supply 
Output ............... Open emitter for OR tie 

Drives 50 Ohms 
Access time tpA • • . . . • . • . < IOns 
Access time tpAE ....•••• < 7 ns 
Power dissipation ....... 420 mW total @ -5.2 V 

6.5 m W per bit 
ILF ................. IIH < 50 /LA 

erN < 3 pF 

Terminals 
6 address 
1 data in 
1 data out 
2 cenable 
1 R/W 
VEE: -3.5 to -6.5 V 
GND 

Organized 64 X 1, the storage element requires only 6 binary bits for addressing 
since it is fully decoded. It has a maximum access time from application of address 
of 10 ns, and an enable maximum access time of 7 ns. The buffered inputs of 
address, data in, two active low chip enables, and a read/write have a dc input load 
factor of less than 50 /LA for the worst case high logic level. In parallel with this 
load factor is a 3-pF capacitor. Because 13 terminals are required, a l4-pin dual­
in-line package is common. 

With ECL, as with MOS, the input capacitance load is the primary factor deter­
mining speed performance, and consequently, overall system performance. More­
over, input capacitance, 3.0 pF input in this example, rather than the dc loading, 
determines fan-out. The output is an open emitter of an emitter follower, which 
allows OR tieing and driving 50-Ohm loads. 

Designed to operate over an ambient temperature range of 0° to 70°C, this 64-bit 
element requires a single power supply from -3.5 to -6.5 V for VEE' and dissipates 
6.5 mW of power per bit when operated at -5.2 V. Significant power savings result 
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when the memory elements are operated at lower voltages. Speed performance 
degrades by less than a nanosecond over the full range of voltage while the current 
remains constant. 

128-bit ECl Storage Element. A 128-bit storage element (SN81003), similar to 
the 64-bit element, has these characteristics: 

Organization. . . . . . . . . . . 128 X 1 
Decode. . . . . . . . . . . . . . . Fully decoded 
Signal levels . . . . . . . . . . . EeL levels developed from a 

single negative supply 
Output ............... Open emitter for OR tie 

Drives 50 Ohms 
Access time tpA . • . • • . • . • < 15 ns 
Access time tpAE ••...... < 10 ns 
Power dissipation ....... 410 mW total @ -5.2 V 

3.2 mW per bit 
ILF . . . . . . . . . . . . . . . . . IIH < 50 p,A 

Terminals 
7 address 
1 data in 
1 data out 
2 cenable 
I R/W 
VEE: -4.5 to -5.5 V 
GND 

CrN < 3 pF 

This device contains twice the bits per package as the 64-bit element, but in other 
respects the two storage elements are quite similar. The 128-bit element has the 
advantage of one-half the power dissipation per bit, but this advantage is somewhat 
offset by a small degradation in speed performance. In addition, the 128-bit element 
operates over a lower power-supply range because it has a more efficient temperature 
compensation circuit. Incidentally, the two active low chip enable inputs of this 
device are useful for changing organization of a given memory board. 

11.3.2 Application of ECl Storage Elements 

EeL storage elements present several application differences compared to other 
bipolar units discussed previously. The output of an EeL storage element is an 
open emitter of an emitter follower, as shown in Fig. 11.6, and thus can supply 
current to the node to charge capacitance CL , but a pull-down resistor must be 
provided to discharge C L. To preserve waveforms and prevent ringing and reflec­
tions caused by fast wavefronts, terminated transmission lines are used for coupling 
between stages if the transmission path is greater than 3 or 4 in. A pull-down resistor 
is used for this termination. Maximum capacitive loading on the line, either from 
clustered short stub loads or from distributed single loads as shown in Fig. 11.6, 
must be restricted to a value of about 20 pF per 4.5 in. Otherwise reflections, which 
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Fig. 11.6. Application requirements of EeL storage elements. 

represent noise, will be too large. Most commercially available ECL circuitry 
operates between a minus voltage (typically -5.2 V) and ground. Termination can 
be accomplished in a number of ways with the most common ways shown in Fig. 
11.6. A Thevenin equivalent output impedance of Zo to a voltage VT is formed 
by the resistor network of Rl and R2 between ground and -5.2 V. Zo is 

and VT is 

R1R2 
Z =---

o Rl + R2 

V
T 

= ( - Rl ) 5.2 V 
Rl + R2 

(11-1) 

(11-2) 

Or, as shown in Fig. 11.6, a resistor R3 equal to Zo is terminated to a regulated 
voltage of VT• 

In the following systems the R3 termination to VT is used. 

11.3.3 A 1,024 X 9 Eel Memory System 

The application of ECL storage elements will be demonstrated in a system, 
organized 1,024 X 9, with a cycle time of less than 30 ns. The design procedure 
begins by checking the loading factors. 

Loading Factors. The equations of Chap. 9 will be used again. From Eq. (9-1), 

1,024 9 
LA = 128 X TILF = 72ILF (11-3) 

This is also the load on read/write (R/W), 72 times the input load factor. 
Dc loading is not a problem, but to maintain ac performance, the fan-out is 

restricted to less than 10; this represents a capacitive load of 30 pF due to the ILF 
of 3 pF plus stray wiring which boosts the capacitive load to 50 pF. For this reason, 
8 drivers will be required. 

The number of decode lines SL from Eq. (9-2) is 

_ 1,024 _ 8 
SL - 128 - (11-4) 
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and the load on each line is 

9 
Ln = T ILF = 9 ILF (11-5) 

from Eq. (9-3), or 27 pF plus stray wiring, within the fan-out requirement of 10. 
Data-in lines have a load of 

1,024 
LIN = 128 ILF = 8 ILF (11-6) 

from Eq. (9-4). This is at least 24 pF. 
Data out is dotted into Y1 lines determined by Eq. (9.5). Therefore, 

_ 1,024 _ 8 
Y1 - 128 - (11-7) 

This means that 8 outputs are dotted together, terminated by the characteristic 
impedance of the transmission lines used-in this case, 50 Ohms. 

The System. The first part of the system is a storage matrix (Fig. 11.7) consisting 
of eight packages in each row and nine packages in each column. Terminating 
resistors are at the. ends of the transmission lines, and each of the packages must 
have address bits distributed to it. 

As shown in Fig. 11.8, address lines are driven in parallel by seven buffer ampli­
fiers. The in-phase output of these buffer amplifiers drives seven drivers for each 
of two columns of nine modules, as shown in Fig. 11.8. An advantage of EeL 
circuitry is that both in-phase outputs (identified with no circles on the gate symbol) 
and out-of-phase outputs (identified with a circle on the gate symbol) are available 
with these outputs cross-coupled to provide mirror-image addressing to the two 

8 packages 
/\ 

~ 2 I { Row1 } I 7 ~ 
(\ 

I I 
1\ I I \ -+-----,- I 

Coil Col 2 I I Col 7 I I J ___ ~\ 
I I 
I I 

8 

Col 8 

9 { Row 8 } 
packages 

I I 
{ Row 9 } 

{ R's } 
Fig. 11.7. Storage matrix for 1,024 X 9 EeL memory system. 
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Fig. 11.8. Block diagram-address line distribution. 

columns. These stages are repeated for the other three pairs of columns. Ter­
minating resistors are at the end of the transmission lines. 

As shown in Fig. 11.9, a l-of-8 decoder is implemented. It provides a low chip 
enable signal on one of eight lines (CEA1 through CEA8 shown on Fig. 1l.8) which 
selects one column of 128 words and 9 bits. Again, the added versatility of in-phase 
and out-of-phase outputs from the same gate is shown. The decode is implemented 
with OR-NOR gates. CSI and CS2 are board-enable signals that must both be 
low to select the board. If either input is high, all enable lines will be high, and 
all storage elements will be disabled. Note the terminating resistors to VT, and the 
connection of all unused inputs to VT• 

The system diagram is now simplified in Fig. 11.10. The address buffer and driver 
circuitry of Fig. 1l.8 are contained in the address buffer block shown. The decoder 
of Fig. 1l.9 is contained in the block identified as array column select. Note the 
address inputs and board enable signals (chip enable CS1 and CS2). These two 
blocks use 14 packages. 

In the data-in and R/W section, a separate driver is provided for each row of 
storage elements and quad 2-input gates are used. R/W is buffered by an in-phase 
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gate to an in-phase driver for each row of storage elements. Data output from each 
row of eight storage elements is dotted together and terminated with a resistor at 
the input to an output gate, to provide both in-phase and out-of-phase output 
signals. Read strobe must be low to gate the data through the output gate. The 
unused read strobe input is terminated to VT• The performance characteristics for 
the total system using 128-bit storage elements are outlined in Fig. 11.11. 

R/W 
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Fig. 11.10. Complete 1,024 X 9 ECL memory system. 
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Speed and PD 

fA = 20 ns typ 
fo = 30 ns typ 
Total: 40 W 

Fig. 11.11. Performance characteristics for Per bit: 4.3 mW 
total system using an EeL 128-bit storage 
element (lK X 9). 
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Access time is 20 ns typical, and cycle time is 30 ns typical. Wiring delays might 
contribute another 5 ns, but, of course, could be longer depending on the layouts 
and type of PC boards. Note that the power dissipation is 4.3 m W per bit compared 
to 3.2 m W per bit for the storage element itself. 

Obviously, sufficient air-cooling (at least 300 linear ft per min) must be provided. 
Timing must be carefully controlled. Address, RjW, and data signals are assumed 
to have transition times of 2 ns, and the write and hold times for these storage 
elements are 8 and 3 ns, respectively. 

11.4 A LARGE-CAPACITY, HIGH-PERFORMANCE MAINFRAME 

SEMICONDUCTOR MEMORY 

The very fast buffers using ECL and the medium-speed buffers using TTL are 
available. These, coupled with MOS primary storage, can satisfy a wide variety of 
two-level storage requirements. However, there is still the nagging question, "Does 
the two-level memory really provide as much efficiency as the simulated programs 
indicate?" Some designers of large-scale high-speed processors do not think so, and 
feel there is still a strong need for a large-capacity mainframe semiconductor memory 
with as much performance as possible. This seems to be especially true for multi­
programmed machines. 

The physical factor~ of size and propagation distances have been mentioned. 
These still exist and are limiting items, but, again, the SC memory with its 4-to-l 
advantage in physical size compared to core memory tends to alleviate these factors 
somewhat. In addition, the possibility of more easily distributing smaller segments 
of high-speed memory throughout the machine without paying a premium in cost 
encourages the application of bipolar semiconductor memory in this area.lO 

Let us consider a requirement for a large-capacity mainframe memory of8 million 
bits organized 128K X 64 bits. The cycle time should be less than or equal to 
200 ns. The discussions of previous chapters on design and process certainly em­
phasize the desirable characteristics for the storage element for this application; i.e., 
high density of storage bits, lower power dissipation, and high-speed performance. 

A storage element that meets the requirement is a 1,024-bit TTL RAM 
(SN74S204). Previously, in Chap. 4, this storage element was discussed, but, as done 
in previous sections, the characteristics are summarized before a description of the 
system application begins. 
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11 .4.1 1,024-bit Storage Element 

Organization ........... 1,024 X I (1,024 words X I bit) 
Decode. . . . . . . . . . . . . . . Fully decoded 
Signal levels . . . . . . . . . . . TTL logic levels 
Output. . . . . . . . . . . . . . . Three-state output 
Access time tpA • • • . • • • • • < 70 ns 
Access time tpAE • • • • • • • • < 40 ns 
Power dissipation . . . . . . . 425 m W total 

0.42 m W per bit 
ILF ................. 0.5 rnA 

3.0 pF 

Terminals 
10 address 
I data in 
I data out 
I cenable 
I R/W 
Vee: +5 V 
GND 

The high density is met with the 1,024 bits organized 1,024 X I and the package 
pins are kept to 16 by having full decoding. Only 10 binary bits are required to 
select one word from the 1,024. 

Although the density is now 1,024 bits, the access time is still only 70 ns maximum 
from address and 40 ns from enable. Typical access times are 45 ns from address 
application and 15 ns from chip enable with address present. The 10 address, one 
data in, one active low chip enable and one R/W input, are buffered and clamped. 
The input load factor is 0.5 rnA maximum, a significant advantage for reducing the 
number of drive circuits required. 

The output is a three-state output, discussed in Chap. 9, which can be OR-tied 
for easy memory expansion. 

The memory requires one power supply of + 5 V, and enjoys a factor of 5 reduction 
in power dissipation per bit, compared to the 256-bit TTL RAMs. At 0.42 m W 
per bit, the total package dissipation is 425 m W typical, showing a significant 
improvement in speed/power product (Chap. 4) for this application. 

Block Diagram. Figure 11.12 shows the block diagram of the 1,024-bit TTL 
RAM. Two l-of-32 decoders provide X and Y decode of the 32 X 32 storage 
matrix. In the write mode, write enable activates the data buffers which bring data 
into the cells. In the read mode, these buffers are disabled and the sense amplifiers 
determine the output state. 

Table 11.3 details the output conditions. The control conditions are generally 
the same as for the 256-bit RAM. Memory enable (chip enable) and write enable 
(R/W) must be low for writing, and with write enable high the storage element is 
in the read mode. A high on memory enable inhibits the storage element and the 
output condition is high impedance due to the three-state output. The only sig-
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Fig. 11.12. Block diagram of the output 
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nificant difference between 1,024-bit RAM and 256-bit RAM conditions (Table 
9.3) is that the output of the 1,024-bit RAM is the data stored on reading instead 
of the complement of data stored, as for the 256-bit RAM. 

Timing. Like the 256-bit RAM, the disable of the three-state output of the 
1,024-bit RAM is faster than the enable, to prevent output OR-tie problems. The 
write time is 30 ns and the hold time is 15 ns. These are discussed under critical 
timing in Chap. 9. In the system application, because tpA is almost twice t pAE, the 
system access time is determined by the address access path. 

This storage element uses a Schottky-diode coupled cell and Schottky on-chip 
peripheral circuits. 

11.4.2 An 8 Million Bit Memory System Board 

Organization of the Board. Like the previous applications, the memory system 
consists of a board containing a segment of memory which is used many times in 
the system to build up the total memory system. Such a board is shown in Fig. 
11.13. It contains 8K X 16 arrayed in the matrix 8 packages by 16 packages. No 
buffering is required at the output; the data-out terminals are available directly as 
board terminals. Of course, the 8 packages are dotted together on the common 

Table 11.3. Output Conditions for Specific 
Enable Control Signals (1 ,024-bit RAM) 

ME WE Operation Output condition 

L L Write High Z state 
L H Read Data stored 
H X* Inhibit High Z state 

* X-Don't care. 
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16 packages Fig. 11.13. Organization of 8K X 16 board. 

bit line and the circuits have a three-state output. The system is for the commercial 
temperature range of 0 to 70°C ambient, and since the objective is for maximum 
speed performance, Schottky interface circuits are used. 

Care must be exercised when using the Schottky interface circuits. Drivers, such 
as the SN74S140, can drive 50-Ohm lines, and therefore, drive and maintain proper 
waveform integrity over long transmission lines of twisted pair. However, other 
Schottky circuits must be restricted to driving short lines on the same board. If 
they drive long lines, then it is difficult to maintain waveform integrity. 

The designer must be aware of these factors concerning Schottky circuits when 
packaging a memory system; he may have to include additional drivers and inverters 
to maintain performance for the specific packaged system. For this reason, the 
performance comparison of the following system assumes particular wiring delays 
with the computations based on the results. No particular packaging (except good 
engineering practice) is assumed except for multilayer boards; standard packaging 
techniques are assumed for printed circuit boards and connectors. 

The Address Distribution. Figure 11.14 shows how the address is provided. Since 
each module is lK words, 10 address lines must go to each module to select the 
desired word from the 1,024 words. The 10 address lines for this decoding and 
the R/W lines are driven by dua14-input NAND gates. As mentioned, this Schottky 
gate (SN74S140) can drive a 50-Ohm line. Because of the ILF of 0.5 rnA, the 128 
packages represent a dc load of only 64 rnA. The SN74Sl40 is specified at 60 rnA 

A7 As 
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I I 
L - - - - L....-r-T""T"'-...... -,--r-.--' ,--____ ~A~ ___ ~ 
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R/W~~ "1" ~ I L-L...l.-L--L....JL....L..L-L.....l...-L....L.L.....L--L...I.---I 

IDI R/W 
~ _ --1 to 128 places 

o -------- ----15 
I I t I I I I 1 1 I 1 1 1.1) I 

v 
Data out - 16 bits 

Fig. 11.14. lO-bit address distribution for 8K X 16 board. 
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of sink current; however, it can supply the 64 rnA without a problem. More 
important, it can supply the same magnitude of peak current to charge to the high 
level the hundreds of picofarads of line capacitance. The circled numbers represent 
the milliamperes of load. 

In addition to the dc current of 0.5 rnA, the ILF also has 3-pF capacitance. If 
wiring capacitance is included, the capacitive load on the driver is from 600 to 
700 pF. Therefore, the data sheet propagation delay is only a small portion of the 
total delay due to the additional time needed to charge the capacitance. 

This illustrates how 1 word out of the 1,024 words is addressed; the next section 
describes how the lK segment of 16 bits is selected from the SK. 

Memory Enable Decoding. The selection of a lK segment from the 8K on the 
board is accomplished with the memory enable (cenable) line and a l-of-8 decoder. 
The decoder (SN74S13S) decodes 1 line of S low from 3-input address signals. The 
low line enables the sixteen lK packages in a row, so that all 16 bits are active, 
which is accomplished with the chip enable input on the storage element packages. 
Figure 11.15 shows the decoder added to the block diagram. Note the board enable 
input. All eight decoder outputs are high until this line is low, and no storage 
elements on the board are selected until the board enable input line is low. 

Data In. The peripheral circuitry on the board is completed by adding the 
necessary buffering for data input. The 16 bits are buffered by two input gates. 
All unused inputs on the board are terminated to a high level (Fig. 11.16). 

Complete 8K X 16 Board. The completed SK X 16 board is shown in Fig. 11.16. 
The normal ILF for the Schottky inputs is 2 rnA with the driver for address 
(SN74S 140) having an ILF of 4 rnA. Figure 11.17 lists the characteristics of the 
completed board. 

The access time is 70 ns typical and 100 ns maximum. There are 139 packages 
used, dissipating 0.425 mW per bit, for a total dissipation of 55.7 W. A 17 X 13 
in. board will hold the components nicely with, as mentioned previously, adequate 
air flow required for the amount of dissipation. 

0------------15 
I I I I I I I I I I I I I I II 

" v"'----'// 

Data out -16 bits 

"1" Board 
enable 

Fig. 11.15. 8K X 16 board block diagram with decoder added. 
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Fig. 11.16. Complete block diagram of 8K X 16 board. 

11.4.3 Expanding to an 8 Million Bit System 

Boord 
enable 

As with our other applications, the 8K X 16 board is now duplicated over and 
over again to build up a larger memory system (Fig. 11.18). To provide the 64 
bits, basic modules of 4 boards are used to provide 8K X 64 bits. 

Four basic modules are grouped together for 32K X 64 bits, and two of these 
groups are combined to form a row of eight modules or 64K X 64 bits. There 
are four boards behind each block. Each select line, S through Z, will be used 
to select one 8K X 64-bit module: S1 through Z1 for the top modules and S2 through 
Z2 for the bottom. 

10-bit Address Distribution (Plus R/W). The address bits that go to each lK unit 
to decode the desired word are distributed through drivers as shown in Fig. 11.18. 
R/W must also be distributed in the same manner. Again, dual 4-input NAND 
gates are used as drivers to buffer the address lines and R/W except that the input 
address to the system goes to four gates in parallel rather than to just one gate. 
Each gate drives 32K X 64 bits, which is 16 boards. With each board input at 

Typ 
70 ns 

Max 
100 ns 

Total: 55.7 W 
Per bit: 0.425 mW 

Packages 

SN74S204-128 
SN74S140- 6 
SN74S00 - 4 
SN74S138- 1 

139 

Fig. 11.17. 8K X 16 (128K bits) board characteristics. 
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Fig. 11.18. 128K X 64 memory system with lO-bit and RjW address distribution added. 

4 rnA, the load on the driver is 64 rnA, which taxes the driver a bit, but poses no 
problem. The outputs of the address drivers are codes identified with I, II, III, and 
IV. Corresponding inputs to the 16 board groups are identified with the same 
Roman numeral as the output. Each Roman numeral group is composed of 10 
address lines from the 10 address bits A7 to A 16• R/W also has its separate lines. 
Each board input is considered as a 5-pF capacitive load; therefore, excluding the 
additional connection capacitance, the address driver must drive at least 80 pF. 

Example of Load and Delay Calculation. To determine the propagation delay in 
the system, the various external delays must be added to the internal delay of the 
storage element itself, 11 as explained in Chap. 9. The several paths of Chap. 9 need 
to be calculated separately. 

To illustrate such a calculation, the address path of the 10-bit address that goes 
to each individual storage element will be used. 

Figure 1l.19 diagrams the delays that exist in this data access path. The total 
propagation delay from input address to data output consists of the storage element 
delays plus the buffer delays on the input and the output. Since the output is usually 
controlled by a strobe which may be timed to occur after the data are valid at the 
storage element output, the total address access time tpAT for this discussion is taken 
only to the output of the storage element. There are delays indicated for cabling 
between peripheral circuits and the boards, tpWl and tpwz. tpW2 on the boards is 
accounted for as an additional capacitance of 2 pF into the storage element inputs. 
tpwl is accounted for by adding an addition capacitance of 100 pF for each board. 
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Fig. 11.19. lO-bit address data access path. 
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However, each of these will depend on the specific assembly used and should be 
varied accordingly. Thus, the system numbers are based upon engineering calcula­
tions, not actual measured data. 

The total access time tpAT is 

(1l-8) 

The buffer delay consists of an internal propagation delay (tpD ) at data sheet 
conditions plus the added delay due to the capacitive load (tpd. Therefore, 

(1l-9) 

and (11-10) 

For the drivers used for buffers tpDI and tpD2 are 6.5 ns maximum. tpCI and tpc2 
must be calculated using Eq. (9-l3) and an average charging current of 50 rnA 
to a threshold level of 1.5 V. For example, C1 results from 16 board inputs as the 
load on the driver. Each input has an ILF of 4 rnA plus a capacitance of 5 pF 
(3 pF for input + 2 pF wiring). When the driver sinks current, the discharge is 
a low impedance. The 4-mA load must be sinked to ground. For the high level 
the driver must supply current to charge the capacitance; therefore, the ac load is 
the important propagation delay load. As a result, with C1 as 

C1 = 16 X 5 = 80 pF (ll-ll) 

the time delay tpCI is 

80 X 10-12 

tpc
I 
= -5-0-X-l-0--3- X 1.5 ;:::::: 2.5 ns (1l-12) 

The total delay is, from Eq. (11-9), 

tpEAI = 6.5 + 2.5 ;:::::: 9 ns (1l-l3) 
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A corresponding capacitive load is calculated for the ac load on the buffer driver 
on the board, C2• This is 

C2 = 128 X 5 = 640 pF 
+ 100 pF wiring 

740 pF 
(11-14) 

since this driver has 128 loads and an additional 100 pF is added for wiring. 
This C2 [Eq. (11-14)] is then substituted into Eq. (9-13) as for C1 and the propaga­

tion delay t pO 2 is 

740 X 10-12 

tpo = 3 X 1.5 :::::: 23 
2 50 X 10-

and the total buffer delay t pBA2, from Eq. (11-10), is 

tpBA2 = 6.5 + 23 :::::: 29.5 

ns (11-15) 

ns (11-16) 

tpBA2 will be considered as 30 ns and tpBAl as 10 ns. The results of the substitutions 
into Eq. (11-8) for the total access time tpAT are 

tpAT = 10 + 30 + 70 = 110 ns (11-17) 

This, of course, has the maximum tpA of the storage element as 70 ns. Note that 
the board access time is 100 ns. This is the same as Fig. 11.17; therefore, this path 
has determined access time of the board, rather than an enable path. 

Selecting 1 K X 64 Bits. Recall from Fig. 11.16 that a decoder on the board 
selected lK X 16 bits. Distributing these address bits to all boards (Fig. 11.20) will 
then select the lK X 16 bits on each board. With four boards in the 8K module 
selected at one time, 64 bits are activated. The 10 bits of address select the desired 
word in the 1K packages; therefore, the selected word with its 64 bits is activated. 

The same driver used previously buffers the three address lines to 32 boards with 
each address line distributed according to the 1, 2, 3, 4 notation shown. The first 
group of three gates feed to 1 and 2 in parallel and the second group of three gates 
to 3 and 4 in parallel. 

Selecting the 8K X 64 Module. The row of lK words has been selected on the 
boards from 8K available, and the desired word has been selected from the lK words 
in the storage element. Remaining action requires selection of the 8K module 
desired from the 16 modules available. Recall that when a module is selected, four 
boards, each containing 16 bits, are selected providing the 64 bits in the word. 

The decode circuitry is shown in Fig. 11.21. To select one 8K module, a l-of-16 
decoder is required consisting of two l-of-8 decoders and an inverter. The l-of-8 
decoder accepts three address lines and decodes 1 of 8 lines low. The low line 
enables the module of 8K X 64 by enabling four boards. The control for the 
decoders are the bits A1 through A3• Ao is the address bit that activates the particular 
decoder. All outputs of the decoder are high, and no modules are enabled when 
its enable input is at the high level. Propagation delays through these decoders 
are typically 9 ns and a maximum of 14 ns. This could be a trouble spot in the 
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Fig. 11.20. 128K X 64 memory system with drivers for row selection added. 

system distribution if the length of transmission line is extensive. The decoder out­
put drives four boards which represents 8 rnA of dc load and 20 pF of ac load, but 
if the transmission path is long, the waveform could deteriorate, as previously dis­
cussed. 

The decode is now complete. A 1-of-16 decoder selects the 8K module, a 1-of-8 
decoder selects the 1K words, and the 10-bit address selects the individual word. 

Data In. With the decode complete, the data-in distribution is now added to the 
system as shown in Fig. 11.22. Sixty-four bits of data must be provided. The 
module has four boards identified as A, B, C, D, with each board containing 16 
bits, and the same 4-input driver described previously is used to handle the load 
of 16 boards. Each gate drives a bit, and the first 16 bits are located on the A 
boards of each module, the second 16 bits on the B boards and so on for C and 
D boards. The total delay through the data-in path to the storage element is two 
gate delays plus capacitive load. Data out must be added to complete the system. 

Data Out. The output from the storage element was OR-tied to seven other 
packages on the board for each bit. Therefore, each bit line from each 8K X 64 
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module has a dotted load ('11) of 8. If the bit lines of the 16 modules are dotted 
together, the '11 would be 128 lines. Each line might have from 5 to 10 pF of 
capacitance; thus the load could easily be 1,000 pF. The storage element output 
has a good drive capability but its average output current is only about 20 rnA 
for charging capacitance rather than the 50 rnA for the high power driver used 
previously (SN74S 140). 

Therefore, the output delay to be added to the tpAT of Fig. 11.19 could easily be 
70 to 80 ns. This might be acceptable, but in the system described maximum speed 
is sought and it is desirable to have only a 5- to 7-ns delay. For this reason, a 
12-input NAND gate with a three-state output is used to accept all the data outputs 
for a given bit. This is shown in Fig. 11.23. 

Only the outputs from the A boards are shown. Two board outputs are connected 
to an input. For the 16 boards, 8 inputs are used, and the other 4 inputs are tied 
high. A resistor to + 5 V is tied to each input to eliminate any possible noise 
problems. The '11 on each line is 16. The output from this gate is a three-state 
output; therefore, it can be dotted again and have the high-impedance feature. 
The three-state control can then be used as a read strobe as shown. 

Figure 11.24 further clarifies how the remaining boards feed the data out from 
64 bits. 

In summary, the use of this gate provides minimal delay in the output path, a 
three-state output for further memory expansion, and a read strobe control. 

Complete 128K X 64 Memory System. Adding the data output distribution in 
a simplified fashion completes the 128K X 64 bit system (Fig. 11.25). All unused 
gates should be terminated. Obviously, all such detail cannot be shown on the 
simplified block diagram. 

Characteristics of this memory system are shown in Fig. 11.26. Remember that 
these numbers are engineering design numbers; the actual wiring and interconnec-

BitO 
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Bit15 
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r----------+--~- strobe 

SN74134 16 places 

Bit 0 Bit 15 

Fig. 11.23. Data output distribution for 16 bits from A boards. 
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tion delays depend on the physical assembly chosen for packaging. First, the speed 
performance: The access time of the 8 million bit memory is approximately 120 ns, 
and allowing 20 ns more for wiring delay, the total is 140 ns. If 10 ns is enough 
design margin, then the cycle time is indicated 'as 150 ns. 

There are 8,192 1,024-bit TTL RAM packages used for storage. Adding 828 
drivers, buffers, and logic gives a total of 9,020 packages. There are 3,600 W 
dissipated by the total system. And the 5-V power supply must supply 720 Amps. 
This calculates to 0.44 m W per bit, of which 0.42 m W per bit is just for the storage. 
Thus, the support circuitry is incidental in the amount of power dissipation it contrib­
utes-0.02 m W per bit, less than 4 percent of the total. 

Obviously, care must be exercised to provide enough pins on boards to handle 
the 11 to 12 Amps of current per board-l Amp per pin is a satisfactory rule of 
thumb. Care must be taken to satisfy the heat exchange problems, but 50 to 60 
W per board is not unusual for air cooling. Of course, it is even better for the 
memory system environment if some form of cold plate cooling can be used. As 
pointed out in Chap. 10, n-channel MOS storage elements can significantly reduce 
the power, especially in standby. Speed performance requirements, of course, must 
be carefully evaluated. 

11.5 SUMMARY 

The chapter discussion has pointed out two systems for use as large mainframe 
memories for computers. The characteristics of the two-level memory system and 



5N745140 
3 places 

Row buffer 

A~7 .... ----, I-

I . I II 

I t-=-----l ill 

I I TIL 
I .... ___ .... 
I 
I 5N745140 
I 22 places 

A,·It~ 
1

m 
TIL R/Bi 

Data out - 5N745134- 64 places 

}<D® 
A1,A2 I 5V i D-------- . 

A15,A16 _ t. 

D1,D2 -. [Ed 
D15,D16 

Bit 63 

}®@ 
~ 

CD 
16 BD5 > I "'{ 

® 

16 BDS > m{ l A: l Awl A" l A"lllLi.l A~, l A"l A"l A,. 

c 

Df( o/<;)S D 
~ ,,10 ~ 

0---------- 15 48 63 

8 Places~~ ~ j-----I 
"1" tjt=5~ 

16 31 32 47 

Data in- 64 bits-5N745140-32 places 

Fig. 11.25. Complete block diagram of 128K X 64 memory system. 

51 
T1 
U1 

V1 

WI 
X1 

Yl 
Z1 

52 
T2 
U2 
V2 
W2 
X2 
Y2 
Z2 

5 
N 
7 
4 
5 
1 
3 
8 

-= 

5 
N 
7 
4 
5 
1 
3 
8 

-= 

A3 
A2 
A, 

I I I , Ao 

1/4 74500 
Board select 

r-a 
cO 
II) 

3: 
a 
S· -.. a 
3 
II) 

3: 
II) 

3 
~ 
CD' 
III 

Co) 

Co) 



314 Semiconductor Memory Design and Application 

Speed, ns 

Time Typ Max Wiring delay Total 

tA 80 120 20 140 

to 150 

Packages 

Storage elements (74S204) . . . . . . . . . . . . . . .. 8,192 
Other. . . . . . . . . . . . . . . . . . . . . . . . . . .. 828 

Power 

5V 
720 Amps 

9,020 

Total: 3,600 W 
Per bit: 0.44 m W 

Fig. 11.26. System characteristics 
[8M bits (128K X 64)]. 

the analysis point toward the use of an all-semiconductor two-level memory for 
the systems where this approach can be used. It appears quite cost effective. 

The all-semiconductor single-level mainframe will most likely have its emphasis 
on excellent speed performance, therefore dictating the use of bipolar RAMs. 
However, it will be interesting and exciting to watch the impact of n-channel MOS 
on this bipolar stronghold. 
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using avalanche breakdown, 108 
Wiedmann-Berger memory cell, 109 

Bipolar ROMs: 
applications for, 141-153 
comparison with MaS, 167 
memory cells and address decode, 

161-164 
memory matrix, 164 

mass programming of, 165 
Bistable flip-flop circuit: 

bipolar, 94 
MaS, 116 

Bucket brigade devices, 6-8, 85-88 

CCDs (see Charge coupled devices) 
CDI (see Collector diffusion isolation) 
Character generation, 203-206 
Charge coupled devices (CCDs), 6-8, 

51-53, 84-85 
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Charge pump RAM cell, 132-134 
application of, interface to, 278-280 
description of, 132-134 

CMOS (see Complementary MOS) 
Code conversion: 

BCD, 194-196 
Gray to decimal, 141-147 

Collector diffusion isolation (CDI): 
comparison with TTL and isoplanar, 

41 
fabrication process, 110-111 
technology of, 41-42 

Comparison of MOS-bipolar fabrication, 
33-34 

Complementary MOS, 46-48 
RAM cell technology, 130 
shift registers, 77-79 

Core memory: 
advantages of, 10 
disadvantages of, 10 
discussion of, 14, 93 
progress, 11 

Counter, design of modulo-lO, 148-151 
CRT, refresh memory for, 5 
Cycle time of bipolar RAM, 215-216 

Delay line, 61 
Design: 

of bipolar RAMs, 93 
of fixed program memory storage 

elements, 153-161 
of MOS RAMs, 123-130 
of sequentially accessed storage 

elements, 62-81, 84-91 
Diode-coupled cell, 95-96 
Direct mapping, 286 
Division circuits, 198-200 
Dot matrix format, 203-205 
Dynamic RAM cells: 

design of, 120-124 
MOS, 29 
product examples, 124-128 

Dynamic shift registers: 
definition of, 66 
design and operation of, 62-79 
MOS, 28-30 

ECL (see Emitter coupled logic) 
ECL memory cell, 97 

Economics: 
of bipolar RAMs, III 
circuit costs, 36-37 
and memory functions, 1-24 
of MOS RAMs, 137 
of ROM, 206-208 
of SR, 82 

Emitter coupled logic (ECL): 
mainframe memories, 292-299 
memory cell, 40 
technology, 39-41 

Exponential functions, 200 

Fabrication: 
of bipolar circuits, 32-33 
of MOS circuits, 28-32 

Failure rate of storage element, 178 
Fixed program SC memory applications: 

arithmetic functions, 190-200 
character generation, 203-206 
one-chip calculator functions, 187-190 
serial accumulator, 200-203 

Fixed program SC memory design:· 
bipolar memory cells, 161 
bipolar memory design, 161-168 
bipolar memory matrix, 164 
column select circuitry for MOS ROM, 

156 
comparison of bipolar and MOS ROM, 

167-168 
design technology, 153-161 
Gray to decimal code conversion, 

141-147 
implementation of logic and circuitry 

functions, 141-153 
introduction to, 139-141 
MOS layout, 153 
programmable ROM, 168-173 
programming standard MOS ROM, 

155 
random sequential logic, 147 
random state logic, 147 
row select circuitry for MOS ROM, 

156 
Fixed program storage: 

applications of, 16 
characteristics of, 16 
introduction to, 15 
semiconductor solutions, 17-19 



Format: 
dot matrix, 203-205 
vector display, 205-206 

Four-phase dynamic shift register, 
application of, 202-203 

Fully associative design, 289 
Function generator, trigonometric, 

151-153 

Interface: 
bipolar to MOS, 273-274 
driver and translator for: n-channel, 

274-276 
p-channel, 271-272 

Internal refresh RAM cell, 134-135 
Isoplanar fabrication process, 41, 109 

Large-scale integration (LSI) reliability, 
underlying factors of, 175-176 

Loading of bipolar RAMs, 209-212 
Loading factors in memory systems, 

211-212 

Magnetic bubble devices, 88-91 
Magnetic core memory: 

advantages of, 10 
applications of, 10 
cost of, 11 
disadvantages of, 10-11 
memory system cost, 15 
performance comparison to, 

semiconductor memories, 14 
Magnetic disk storage, 3-4 
Magnetic tape memory storage, 59 
Mainframe memories: 

ECL, 292-299 
introduction to, 285 
large-capacity, high-performance, 

semiconductor, 299-312 
two-level, 285-292 

Mask programming of bipolar memory 
matrix, 164, 165 

Mass memory capacity, 6 
Mass memory market, semiconductor in, 

6 
Memory circuits: 

RAM, 12, 13, 15, 27, 28, 37-39 
ROM, 27 
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Memory functions and economics, 
introduction to, 1 

Memory system cost: 
magnetic core memory, 15 
and performance, 290-292 

Memory technologies (see Bipolar 
memory technology; MOS memory 
technology) 

Moduio-IO counter, design of, 148-151 
MOS circuits: 

fabrication, 28-32 
reliability test data, 182-184 

MOS memory circuit interface: 
n-channel, 272-273 
p-channel, 271 

MOS memory technology: 
charge-coupled devices (CCDs), 

51-53 
CMOS, 46-48 
ion implantation, 49-50 
n-channel silicon gate, 45 
new developments, 56 
p-channel, 42-43 
self-aligned gate process, 43-44 
silicon on sapphire, 48-49 

MOS RAMs: 
applications of, 235-284 
charge pump RAM cell, 132-134 
chip complexity, 136 
circuit, 28 
CMOS technology, 130 
continuing developments, 270-272 
dynamic RAM cells, 120-124 
economics of, 137 
interface driver, 238-239 
internal refresh RAM cell, 134-135 
n-channe1, 272-283 
n-channel 4096 bit RAM, 130-132 
one million, bit mainframe memory, 

248-269 
power considerations, 238 
power dissipation of, 136 
product examples, 124-125 
progress, 135-137 
RAM cell design, 128-130 
recent developments, 130-135 
refresh, 240-244 
static RAM cells, 116-119 
timing, 244-248 
typical input conditions, 236-238 
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MOS ROMs: 
applications of, 141-153 
column select circuitry, 156 
comparison with bipolar ROMs, 167 
dynamic, 160 
one-chip calculator function, 187-190 
programming: of column select and 

row select, 156 
the standard, 155 

row select circuitry, 156 
tree matrix circuitry, 158 

MOS static RAM cells, 116-119 
MOS technology: 

charge coupled devices, 51-62 
CMOS, 46-48 
continuing developments, 270-272 
explanation of, 235-236 
interface driver, 238-239 
ion implantation, 49 
n-channel silicon gate, 45 
p-channel, 42-45 
power considerations, 238 
refresh, 240-244 
silicon on sapphire, 48-49 
timing, 244-248 
typical input conditions, 236-238 

MTBF for memory systems, 26, 176-178 
Multiple-emitter cell, 95 
Multiplication circuits, 196-198 

N-channel RAMs: 
applications of, 276-282 
explanation of, 272 
interface with, 272-276 

N-channel technology, 45 
New developments: 

to benefit MOS and bipolar designs, 56 
in MOS RAMs, 270-272 

One-chip calculator function, 187-190 
One million bit mainframe MOS 

memory: 
address drive selection, 257 
board select, 254 
controller, 259 
decode structure, 254 
loading factors, 252 
read/write enable, 254 
sense amplifiers, 257 

One million bit mainframe MOS memory 
(Cont.): 

storage element characteristics, 248-250 
timing diagrams, 250-264 
using TMS 1103, 260 
using TMS 4062, 262-269 
write drivers, 257 

Open-collector output, comparison with 
three-state, 216-219 

P-channel MOS technology, 42-45 
Packaging technology, summarization of, 

54 
Performance cost ratio, 290 
Programmable ROM: 

avalanche induced metal migration, 
169 

comparison of, 169-170 
discussion of, 140 
fusible metallization, 168 
other programming techniques, 170-173 

RAM (see Random access memory) 
RAM circuits: 

bipolar, 37-39, 93-114 
MOS, 28, 115-138 

RAM memory systems: 
bipolar: 4K X 16, 231-233 

128 X 16, 222-225 
256 X 16, 227-228 

MOS: 8K X 16 (n-channel), 281-282 
8K X 16 (p-channel), 252-269 
lK X 9, 295-299 
128K X 64, 299-314 

Random access memory: 
applications of bipolar storage 

elements, 219-233 
bipolar applications, 209-234 
definition of, 93 
4K X 4 board, 230 
4K X 16 memory system, 231-233 
memory systems: larger than 256 words, 

225-227 
up to 256 words, 219-221 

MOS applications, 235-284 
128 X 16 memory systems, 222-225 
output fanout, 216-219 
16K word system, 229-231 
timing, 213-216 
256 X 16 memory systems, 227 



Random access memory (Cont.): 
XYZ decode, 228-229 
(See also Bipolar RAMs; MaS RAMs) 

Random access memory design: 
bipolar, 93-114 
general, 2, 8 
MaS, 115-138 

Random access storage: 
applications of, 9 
overview, 8 
semiconductor solution for, 12-15 

Random sequential logic, implementation 
of, 148 

Random static logic, implementation of, 
147 

Refresh, 62, 120, 121,276 
Refresh memory for CRT, 5 
Reliability: 

bipolar test data, 180-181 
memory system, requirements, 176-178 
MaS test data, 182-184 
per function, 178-179 
semiconductor storage element,175--186 
underlying factors of LSI, 175-176 

Reprogrammable ROM, 140 
ROM circuits: 

BCD code conversion, 194-196 
description of, 27 
MaS, 30 
programmable, 140 
reprogrammable, 140 
standard, 140 

ROM economics, 206-208 

Sector buffer design, 289 
Self-aligned gate process: 

SATO,44 
standard, 43 

Semiconductor in mass memory market: 
objectives for, 7 
outlook for, 6 

Semiconductor fixed program storage: 
advantages of, 17-19 
performance capabilities of, 19 

Semiconductor memories: 
magnetic core memory, performance 

comparison to, 14 
mainframe, large-capacity, high 

performance, 299-312 
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Semiconductor memories (Cont.): 
market growth, 20 
prices, 21-23 
RAM, 12, 13, 15, 27, 28, 30 
ROM, 27, 30 

Semiconductor memory circuits: 
bipolar, 32-33 
MaS, 28-32 
MaS-bipolar compared, 33-35 
review of present-day, 27-28 

Semiconductor memory technologies: 
analysis and comparison of, 37-53 
bipolar, 37-42 

Semiconductor RAMs: 
applications of, 12 
characteristics of, 13 
MaS, 28 
system costs, 15 

Semiconductor shift registers, 4-6 
Semiconductor storage elements: 

characteristics of, 25-26 
failure rate, 178 
present memory circuits, 27 
reliability, 175-186 
SC memory technologies, comparison 

of, 37-52 
silicon real estate, concept of, 28 
speed/power products, comparison of, 

53 
Sequentially accessed design: 

bucket brigade devices in, 85-88 
CCDs in, 84-85 
characteristics of bipolar shift registers, 

80 
future directions, 84 
integrated shift register arrays, 81-84 
introduction to, 59-62 
magnetic bubble devices in, 88-91 
MaS shift registers, 62-81 
problems associated with MaS shift 

registers, 79 
Sequentially accessed storage: 

description of, 2 
major application areas, 4 

Serial accumulator, 200-203 
Set-associative design, 288 
Shift registers: 

CCD, 53, 84-85 
characteristics of bipolar, 80 
CMOS, 48, 77-79 
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Shift registers (Cont.): 
dynamic circuit, 29 
four-phase dynamic (ratioless), 202-203 
generation of clock phases, 79 
integrated shift register arrays, 81-84 
introduction to, 59-62 
MaS, 62-79,81 
semiconductor, 4-6 
static MaS, 28 
system interface, 80 
three-phase static, 63-66 
two-phase dynamic: ratio type, 66-70 

ratioless type, 70~74 
Silicon gate, 45 
Silicon on sapphire (SOS) technology, 

48-49 
Silicon processing: 

bipolar, 32-33 
MaS, 28-32 
MaS-bipolar comparison, 33-35 

Silicon real estate: 
circuit costs as a factor of, 36-37 
concept of, 28-37 
role of, 35-37 
techniques to reduce, 55 

Silo shift register, 81-84 
64-bit RAM, 99 
Speed/power products: 

definition of, 53 
various compared, 53 

Storage functions, categories of, 2-20 
System access time, 4, 6, 9, 12, 19 
System cycle time, 10, 13 

Test data, bipolar and MaS, 180-184 
Three-phase generator, 245-248 
Three-phase static shift register, 63-66 
Three-state output, 102 

comparison with open-collector, 
216-219 

reliability of, 219 
Timing of bipolar RAMs, 213-216 
Timing of MaS RAMs, 244-248 
Transconductance, gm: 

of bipolar transistor, 34 
of MOSFET, 34 

Trigonometric function generator, 
151-153 

TTL: 
RAM circuit, 38, 111, 209-234 
Schottky, 38, 40, 55 
standard TTL technology, 37-39 

Two-diode memory cell, 107 
256-bit RAM, 101 
Two-phase dynamic shift register: 

ratio type, 66-70 
ratioless type, 70-74 

Vector display format, 205-206 
Vector generator, 206 

Wiedmann-Berger memory cell, 109 
Write time of bipolar RAM, 215 

Yield: 
definition of, 36 
description of, 35-36 


