




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































CYPRESS 
SEMICONDUCTOR 

PAL® C 16R6 Design Example: 
GCR Encoder IDecoder 

Introduction 
Digital encoding and decoding of data is often used to in­
crease the reliability of data transmission and storage. One 
area where digital techniques are employed is the transfor­
mation between data stored on one-quarter inch magnetic 
tape and serial digital data. 
This document describes the procedure used to en­
code/decode serial digital data for recording/reading from 
one-quarter inch magnetic tape using a Cypress CMOS 
PAL C 16R6 to implement the logic. 

History 
The recording format and the Group Code Recording 
(GCR) code have been adopted and incorporated in a se­
ries of standards by a committee called the QIC (Quarter 
Inch Cartridge) Committee, composed of manufacturers 

R PULSE 
DEl. 

DATA 
SEP. 

DRIVE 

and users of quarter inch tapes and cartridges. The purpose 
of the committee is to insure compatibility between manu­
facturers and reliability to end users. 
Quarter inch tape cartridges are used extensively to backup 
or archive data from hard disks. Most drives are operated 
in a continuous or streaming mode (for reasons that will be 
discussed later) and data is recorded at 10,000 FRPS (Flux 
Reversals Per Inch) in a serpentine manner on seven to 
fourteen channels. The tape moves at 30 to 90 ips (inches 
per second) and the error rates achieved are one in 109 or 
1010. A cartridge holds 2000 to 3000 feet of tape 0.001 inch 
thick and stores 20 to 80 million bytes (mega-bytes) of 
data. 

Typical System 
A block diagram of a typical system is shown in Figure 1. 
The interface between the Host (or Host Adapter) is bi-

TAPE 
F'ORMATIER 

OR 
CONTROLLER 

F'ORMATIER 

HOST 
�1�+�-�-�-�1�~� ADAPTER 

QIC-24/36 QIC-02 
QIC-50 SCSI 
QIC-59 IPI 

Interface 
Standards 

Interface 
Standards 

HOST 

HOST 
0060-1 

Figure 1. A Typical Tape Drive System 

PAL® is a registered trademark of Monolithic Memories Inc. 
ABELTM is a trademark of Data I/O Corporation 
PALASMTM is a trademark of Monolithic Memories Inc. 
V AXTM is a trademark of Digital Equipment Corp. 
WORDSTARTM is a trademark of MicroPro International 

10-22 
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~~~U~================================================================ 
Typical System (Continued) 

directional, with a byte-wide data path and 10 to 20 control 
signals, depending upon the interface standard. Data rates 
are 300 KBs (thousand Bytes per second) to 1 MBs (Mil­
lion Bytes per second). 

The Formatter or Tape Controller performs serial/parallel 
conversion and encoding/decoding of the data as well as 
error checking and, in some cases, error correcting. Con­
trol is usually provided by a state machine that handles the 
handshaking between the host as well as control of the 
tape. Data is written in blocks of various lengths (depend­
ing upon the standard) and a "read after write" check is 
usually performed. Buffer storage of at least two blocks of 
data is usually provided using static RAMs (SRAMs), 
FIFOs, or some combination of the two. 

The Drive electronics consist of digital signals that control 
and sense the tape motion and analog signals in the read 
and write paths. The interface between the Drive and the 
Formatter is digital and, once again, there are various stan­
dards. 

Reading and Writing on Tape 
To write on the tape a current of 100 rnA or less is used to 
change the direction of magnetization. To read from the 
tape a coil of wire (the read head) is held against the tape 
and a voltage (10m V or less) is induced by the change in 
direction of the magnetic flux on the tape. 

Recording Codes 
All codes used for recording on magnetic mediums are 
classified as Franaszek Run Length Limited (RLL) codes 
of the form: 

(D, K) 

where D = the minimum number of zeros between con­
secutive ones, and 

K = the maximum number of zeros between con­
secutive ones. 

D controls the highest frequency that can be recorded and 
K controls the lowest frequency. 

o o o 

o o o 
READING FRO ... TAPE 

Using the Franaszek notation, the GCRcode is (1,2). As 
illustrated in Figure 2, a flux reversal signifies a one and the 
absence of a flux reversal signifies a zero. This is true for all 
codes. 

Peak Detection and Data Separation 
Peaks are detected (versus zero crossings) because the cir­
cuits used are less sensitive to noise. The output of the peak 
detector goes to the most critical analog circuit in the 
drive; the data separator. 

The function of the data separator is to provide ones and 
zeros that occur at a precise frequency. It does this by first 
synchronizing itself to a crystal controlled reference clock 
and then attempting to "lock" itself to the maximum data 
frequency on the tape by finding the phase difference be­
tween itself and the data output of the peak detector and 
driving a voltage controlled oscillator (VCO) such that 
they are equal. This is calleda Phase Locked Loop (PLL). 
The frequency of the reference clock must be at least twice 
(2t) that of the highest frequency that is to be read (t). 

The PLL is synchronized to the 2f reference frequency 
when it is not in use. A string of ones is recorded, which is 
called the preamble, before the block of data· is recorded. 
When the command to read is given, the 2f reference fre­
quency is removed from the data separator and the signal 
from the peak detector is applied to the data separator. The 
PLL then attempts to "lock" to the preamble. Just after the 
preamble, a code violation is recorded so that the Format­
ter can recognize where valid data begins. The procedure 
of locking onto the preamble is called "getting bit sync." 
The detection of the code violation is called "obtaining 
byte sync". 

PLLs typically exhibit frequency and phase offsets during 
acquisition of the preamble. Phase errors also occur after 
lock, during the reading of the data field. Differences in 
tape speed during record and playback (as well as from 
unit to unit) result in frequency differences between the 
data read from the tape and the 2f reference. 

Random phase errors caused by noise, intersymbol inter­
ference (bit crowding), timing errors and other transients 
may also get the PLL out of lock. 

The data separator's PLL is susceptible to these errors be­
cause it must satisfy two conflicting conditions: (1) it must 

o o o 

I ~ '-CUP \=z/LEVEL 

o o o 

0060-2 

Figure 2 
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Reading and Writing on Tape (Continued) 

lock quickly enough to detect the preamble, but (2) it must 
not overcorrect phase for a single misaligned bit. 

Strings of zeros cause the phase of the PLL to shift and if 
the shift is larger than the "bit window", an error will 
occur. The QIC-24 standard calls for up to 37% bit shift 
tolerance, which means that the data separator must be 
able to recognize a "one" (flux transversal) that deviates 
± 18.5% from its expected time position without causing a 
data error. In order to achieve this performance a four-bit 
binary nibble is encoded into a five-bit "OCR code word" 
that is written onto the tape. 

Reasons for the GCR Code 
The 5-bit OCR code format is required to encode the data 
such that no more than two consecutive zeros occur in the 
serial data. This encoding relaxes the performance require­
ments of the PLL and the loop filter so that the desired 
system performance can be achieved. 

Static Tolerances 
Another reason for OCR encoding is to compensate for the 
speed variation of the tape due to: 

Mechanical Tolerances 
Cartridge 
Tape thickness (±3%) 

Tape Elasticity and Wear 

Motor Speed Variation 

Temperature and Humidity 

The preceding static tolerances can result in a ± 10% 
speed variation of the tape. 

Dynamic Tolerances 
In addition to the static tolerances, there are Instantaneous 
Speed Variations (ISV) due to discontinuous tape release at 
the unwind spool (10-20%), guide/back stick slip (5%) 
and shuffle ISV (vibration) due to start/stop (5-30%). The 
shuffie ISV can be avoided by operating the tape in a con­
tinuous (streaming) mode. If these dynamic tolerances are 
added together they can result in a ± 15% speed variation. 

Electronics Compensate 
The electronics in the tape controller and the drive are 
designed to compensate for the tape speed variations due to 
the mechanical tolerances. 

The compensation is performed by: 

Data Encoding and Error Detection and Correction 

Phase Locked Loop Design 

Bit Window Tolerance 

Sequence of Operations 
During a write operation the following sequence occurs: 

1. Idle (Hold) 

2. Convert 4-bit parallel input to 5-bit OCR code and 
load into 5-bit register. 

3. Shift out 5-bits to write amplifier. 

10-24 

During a read operation the following sequence occurs: 

1. Idle (same as during write) 

2. Shift in 5-bits. 

3. Detect sync mark 

Set/Clear invalid flag 

Convert 5-bit serial input to 4-bit binary value and 
load into register. 

Note: that the read clock and the write clock are not the 
same. 

Also, the logic must keep up with the tape data rate. 

And finally, the read and write operations are mutually 
exclusive so that the storage elements (D flip-flops) can be 
time-shared and that read and write operations require 5 
clocks. 

A total of 5 states are required because the idle state is 
common to both read and write operations. Therefore, 3 
control lines will be required. It is convenient to designate 
one control line as an enable line (active LOW) and the 
other two lines as Mode Control signals. 

The control of these lines is not described here, nor is the 
required clock synchronization. The reason for not doing 
this is that at the next level of control, system considera­
tions such as what action to take when errors occur must 
be implemented in hardware and these tend to be not only 
application dependent but also very subjective. 

The diagrams of Figure 3 show the flow of data under the 
control of the ENABLE signal and the MO and Ml mode 
control signals. 

The GCRCode 
The OCR code is part of the QIC-24 Standard and is also 
the ANSI X3.54 standard (1976). The MSB (leftmost bit) 
is recorded first. Note that there are a maximum of two 
consecutive zeros in the five-bit code that is recorded on 
the tape. 

4-BitCode 5·Bit Code 
Line Number D D D D Y Y Y Y S 

(For Ref.) 3 2 1 0 3 2 1 0 0 

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

10 1 0 1 0 0 1 0 1 0 
11 1 0 1 1 0 1 0 1 1 
12 1 1 -0 0 1 1 1 1 0 
13 1 1 0 1 0 1 1 0 1 
14 1 1 1 0 0 1 1 1 0 
15 1 1 1 1 0 1 1 1 1 

A A A A B 13 B B B 
3 2 1 0 0 '1 2 3 4 

Figure 4. GCR Code 
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ENABLE M 1 MO OPERATION 

x X HOLD 

a a a SERIAL 
SHIFT IN 

Y3 

a 1 0 CONVERT 
5-BIT TO 4-BIT 

0 1 1 CONVERT 
4-BIT TO 5-BIT 

a a 1 SERIAL 
SHIFT OUT 

Y3 

Y2 

Y3 

03 

! 

Ep 
Y3 

Y3 

DATA FLOW DIAGRAM 

Y2 Y1 

Y1 

CONVERT 5-BIT TO 4-BIT 

A1 

Y2 Y1 

02 

Y 
Y2 Y1 

Y2 Y1 

YO 

01 

Figure 3. Data Flow Diagrams 

10-25 

YO SO 

r---- SIN 

SO 

YO SO 

Y Y 
YO SO 

YO SO 
0060-3 

Ili 



~CfPRFSS PAL® C 16R6 GCR Encoder/Decoder 
~~~~============================================================ 
Design Procedure 
The design procedure will be to map the code conversions 
using Venn diagrams and write the logic equations as the 
"sum of products" or in minterm form. Six flip-flops are 
required, so the logic will be implemented using a PAL C 
16R6. Because the PAL device has inverting output buff­
ers, the zeros wiIl be mapped. The D flip-flops require an 
"extra term" for them to hold their states when the EN­
ABLE is HIGH. 

For example, for a conventional D flip-flop the form of the 
logic equations would be: 

D = ENABLE 1 ( Q ) 

+ 
+ 

ENABLE 2 ( F2 ) 
ENABLE 3 ( F3 ) 

; RECIRCULATE 
PRESENT 
STATE 

; FUNCTION 2 
; FUNCTION 3 

Where the ENABLE controls are mutually exclusive. 

4-Bit to 5-Bit Conversion for Y3 Output 
In Figure 4 (at the bottom) the 5-bit code columns are 
labeled BO through B4 to help the reader understand how 
the 4-bit code is mapped. In addition, the line numbers are 
labeled 0 through 15, which correspond to the values of the 
4-bit binary code. 

Figure 5a shows how the 4-bit binary code is mapped on 
the Venn diagram. For example, reference line number 
zero, which corresponds to binary value zero, is located in 
the lower right hand corner of Figure 5a. 

The Venn diagram of Figure 5b shows the conversion for 
the Y3 output. It is labeled the BO input to the D flip-flop. 
Note that the parallel nibble (see Figure 3) is reversed (end 
for end) so that the MSB is written first when it is shifted 
out. 

00 

3 11 10 2 

01 

7 15 14 6 

02 

5 3 12 4 

1 9 8 0 

03 
0060-4 

Figure Sa. Binary Values 
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00 

............ ......, 

1 0 0 1 

01 

1 0 0 1 

02 

1 0 1 1 

1 0 1 1 

03 
0060-5 

Figure 5b. Y3 Map 

In Figure 5b, the ones and zeros in column BO are mapped. 
For example, reference line zero has the value 1 in column 
BO of Figure 4. Therefore, a one is placed in the square 
corresponding to binary value zero in Figure 5b. In a simi­
lar manner, ref. line 15 has a value of zero in column BO, so 
a zero is placed in the square corresponding to binary value 
fifteen. 
Writing the Equation 
If the output of the PAL C 16R6 were positive true logic, 
we would write the equation to include all of the ones on 
the Venn diagram. However, because the PAL device out­
put is negative logic (active LOW) we will write the equa­
tion to include all of the zeros. Then, when the PAL device 
inverts the signals, the zeros will be changed to ones, so 
that the final outputs wiIl be positive true logic. 

By inspection: 

BO = D3DO + D3Dlor, 

Y3 = D3DO + D3Dl 
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Design Procedure (Continued) 

4-Bit to 5-Bit Conversions for Y2, YI, YO, So 
These are presented for the sake of completeness. 

01 

01 

00 
~ - -/""'. / r-.-. 

0 1 1 0 

--0 1 1 0 

'-..../ "--../ 

0 1 
\...J 

1 1 

1 1 1 1 

03 

Y2 = HI = IDOl + ID02DO 

Figure Sc. Y2 Map 

00 

1 1 1 1 

1 1 1 1 

(0 ~ 1 ~ 

1 0 1 0 

03 

02 

02 

YO = ID = mDII50 + D3DIOO + 02DIoO 
Figure 5e. YO Map 

5-Bit to 4-Bit Conversion for Y Outputs 

0060-6 

0060-8 

This conversion requires two 16 square Venn diagrams be­
cause there are 25 = 32 possible binary values. However, 
note that in Figure 4 not all 32 possible combinations are 
used in the 5-bit code columns. These unused combinations 
are "don't cares", which are represented by Xs in the 
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0 

01 

1 

1 

(0 

1 

01 

1 

1 

1 

00 

0 0 

1 1 

1 1 

0 0 

03 

VI = In = 02 

Figure Sd. YI Map 

00 

......"". 

1 0 

1 0 

1 0 

1 0 

03 

o~ 

1 

1 

or 

....., 
0 

0 

1 

1 

So=B4=OlDO+D3DO 
Figure Sf. So Map 

\ 
02 

bJ 
0060-7 

02 

0060-9 

Venn diagrams, which can be either ones or zeros, which 
further reduces or simplifies the logic equations. 

The procedure is: plot the 1s and Os 
put Xs in the blank squares 
write the equations for the zeros. 

IE 
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YO 

( x 0 x 
Y1 

1 1 X 

1 1 X 

X 0 X 

SO=O Y3 

YO 

X 1 X 

Y1 

1 1 X 

0 0 X 

1 0 X 

SO=O Y3 

YO 

X 1 X 

Y1 

1 0 X 

1 0 X 

X 1 X 

SO=O Y3 

YO 

x 0 x 
Y1 

/-...., 

0 0 X 

0 0 X 

X 0 X 

SO=O Y3 

YO 

X) 
I-----

I'(x 
Y1 

X 1 

Y2 

X 1 

x) 
I'-----' ~x 

Y3 = AJ = Y2 + Y3 So 
Figure 6a 

X 

X 

X 

X 

L 

X 

Y1 

Y2 

Y1=A2=YI 

Figure 6b 

YO 

X 

1 

0 

X 

YO 

X 

Y1 

~ t--------V--
X 1 

Y2 

X 1 

X X 

Yl = AI = YO + Y3 Y2 
Figure 6c 

YO 

x X 

Y1 

X 1 

Y2 

X 1 

X X 

YO = AO = Y3 Y2 YO + So 
Figure6d 
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0 0 X 
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0060-11 

----------1 0 X 
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1 X X 
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0060-12 
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Design Procedure (Continued) 

Serial Shift In 
During serial shift in (both mode control signals LOW) the 
data output of the data separator is applied to the input of 
the formatter. The signal is called SIN and is applied to the 
D input of the SOUT flip-flop. The output of the SOUT 
flip-flop is applied to the D input of the YO flip-flop and its 
output is applied to the input ofthe Yl flip-flop, etc. After 
five read clocks the MSB of the 5-bit GCR coded data is in 
Y3 and the LSB is in SOUTo 

Serial Shift Out 
During a write operation, after the 4-bit data is converted 
to 5-bit data and reversed, it is shifted out using the write 
clock and written on tape. The shift direction is opposite to 
that in Serial Shift In. Note that it is right shifted "end 
around" (see Figure 3) so that after 5 write clocks the same 
data appears in the register. 

Invalid Flag (INV Flip-Flop) 
The Invalid flip-flop is set to a one when an invalid 5-bit 
code is read from the tape. This is used to tell the tape 
Formatter that the next data read is the beginning of the 
data block. This procedure is called getting "byte sync." 
INV is a negative true signal, so the logic equations are 
written for ones on the Venn diagram. 

The 16 binary values that are NOT listed in Figure 4 are 
plotted as ones in Figure 7. The procedure was to plot zeros 
in the squares where there were valid 5-bit codes, then fill 
the rest with ones and then write the equation for the ones. 

The Invalid flip-flop is enabled by a signal called CIF 
(Control Invalid Flag) and reset when CIF is LOW. 

Synchronization Mark Detection 
Bit synchronization is achieved when the illegal 5-bit code 
of all ones is read from the tape. It is the logical AND of all 
five bits, or BS = Y3 • Y2 • Yl • YO. SOUTo 

Implementation Procedure 
Once the conceptual design has been completed, it must be 
reduced to practice. There are two main steps in the pro­
cess; 

1. describe the logic using a high-level language, and 

2. program the PAL device. 

Several programs that run on the IBM PC (or equivalent) 
or the V AXTM computer are available from either semi­
conductor manufacturers or from third party software ven­
dors. The first such program, called P ALASMTM (PAL 
device Assembler) was developed by Monolithic Memories. 
It enables the designer to describe the logic in terms of 
Boolean equations, truth tables, or state diagrams using a 
language whose syntax is comparable to a microcomputer 
assembly language. 

PALASM Equations 
The equations were written in the PALASM syntax. The 
(ASCII) file created using WORDSTAR in the non-docu­
ment (N) mode is shown in Figure 8. 

Conversion to ABELTM 
The PALASM file (GCREX.PAL) was then translated to 
ABEL syntax using the TOABEL program. The format of 
the command is: 

TOABEL - IB:GCREX - OB:GCREXT 

The TOABEL program converted the GCREX.PAL file to 
a file named GCREXT.ABL, whose listing is shown in 
Figure 9. 

0060-14 

INV = YO SOUT + Y3 Y2 + Y3 Yl YO + Y3 Y2 Yl YO SOUT 
Figure 7 
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ABEL Program Procedure 
The ABEL program consists of an executive and several 
overlay programs that are executed by simply typing in; 

ABEL B:GCREXT 

followed by an enter (CR) from the keyboard of an IBM 
(or look-alike) PC. The ABEL program was developed by 
a programmer manufacturer, Data I/O Corporation. The 
source file may be simplified (logic reduction), a logic sim­
ulation may be performed, and test vectors may be generat­
ed. 

ABEL Programs 
The ABEL programs are: 

Program Name Function 

PARSE Read source file, check syntax, expand 
macros, act upon assembler directives. 

TRANSFOR Convert the description to an intermediate 
form. 

REDUCE Perform logic reduction. 

FUSEMAP Create the programmer load (JEDEC) me. 

SIMULATE Simulate the operation of a programmed 
device. 

DOCUMENT Create a design documentation me. 

ABEL Outputs 
The output files are: 

GCREXT.LST 
GCREXT.OUT 
GCREXT.DOC 
GCREXT.SIM 

PI6R6.JED 

see Figure 10 
(This design was not simulated.) 
see Figure 11 

P ALASM Equations 

PAL16R6 
PATOOl 
4B-5B ENCODER/DECODER 
CYPRESS SEMICONDUCTOR 

DESIGN EXAMPLE 

CK Ml MO D3 D2 Dl DO /EN /CIF GND 
/E SIN /INV YO Yl Y2 Y3 SOUT /BS VCC 
/SOUT:= EN*/SOUT 

/EN*/Ml*/MO*/SIN 
/EN*/Ml*MO*/YO 
/EN*/Ml*/MO*/SIN 
/EN*/Ml* MO* Dl*/DO 
/EN*/Ml* MO* D3*/DO 

The last file is in JEDEC (JC-42.1-81-62) format; suitable 
for loading into a PLD programmer. The listing is shown 
in Figure 11. The DOCUMENT program output is shown 
in Figure 10. 

Programming the 16R6 
The 16R6 was programmed using the Data 110 model 29B 
programmer operated in the remote mode to the PC. The 
design was then verified by checking out the device on the 
bench. 

Summary 
Space Saving Advantage 
This design example illustrates the space saving advantage 
of Cypress CMOS PAL devices. The FUSEMAP program 
printed out that 40 of the 64 available product terms were 
used. 

If the P ALASM input equations of Figure 8 are imple­
mented in two-input gates, approximately thirty gates are 
required for each one of the six D flip-flop inputs, or a total 
of 6 X 30 = 180 two-input gates. The logic equations 
alone would then require 180 divided by 4 = 45 14 pin 
DIPs. The six flip-flops would require three 14 pin DIPs 
for a total of 48 DIPs. This example demonstrates the pow­
er of the Cypress PAL devices. 

Power Saving Advantage 
The maximum Icc current, under worst case conditions, 
for the PAL C 16R6L-25PC is 45 mAo 

If the typical Icc per package is assumed to be 10 mA, the 
total Icc for 50 TTL packages would be 500 mAo 

The worst case Icc for the TTL system could be as high as 
20 mA per DIP, which would mean a total of one Ampere 
for the system. 

The Cypress CMOS PAL device results in a system power 
reduction of between a factor of 10 or 15, depending upon 
whether typical or worst case numbers are compared. 

FILENAME; GCREX.PAL 
BRUCE WENNIGER 9/17/85 

+ HOLD/RECIRCULATE 

+ SERIAL SHIFT IN 

+ SERIAL SHIFT OUT 

+ CONV. SIN Be LOAD 
+ CONV. PAR. ae LOAD 

DITTO 
Figure 8 
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P ALASM Equations (Continued) 

IYO 

IYl 

IY2 

IY3 

INV 

BS 

:= EN*/YO 
IEN*/M1*/MO*/SOUT 
IEN*/M1* MO*/Yl 
IEN* Ml*/MO*/SOUT 
IEN* Ml * IMO· Y3* Y2*/YO 
IEN* Ml* MO* D2*/D1*DO 
IEN* Ml* MO* D3*/D1* DO 
IEN* Ml* MO*/D3*/D1*/DO 

:= EN* IYl 
IEN*/M1*/MO*/YO 
IEN*/M1* MO*/Y2 
IEN* Ml*/MO*/YO 
IEN* Ml*/MO* Y3* Y2 
IEN* Ml* MO*/D2 

:= EN* IY2 
IEN*/M1*/MO*/Yl 
IEN*/M1* MO*/Y3 
IEN* Ml*/MO*/Yl 
IEN* Ml* MO*/D3* Dl 
IEN* Ml* MO*/D3* D2* DO 

:= EN*/Y3 
IEN*/M1*/MO*/Y2 
IEN*/M1* MO*/SOUT 
IEN* Ml*/MO* Y3* SOUT 
IEN* Ml*/MO*/Y2 
IEN* Ml* MO* D3* DO 
IEN* Ml* MO· D3* Dl 

:=/CIF* INV 

CIF* Ml*/MO*/Y3*/Y2 
CIF* Ml*/MO*/Y3/Yl*/YO 
CIF* Ml*/MO*/YO*/SOUT 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 

+ 

CIF* Ml*/MO* Y3* Y2* Yl* YO* SOUT 

+ 
+ 
+ 
+ 

= Y3* Y2* Yl* YO* SOUT 

Figure 8 (Continued) 
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HOLD 
SEJUAL SHIFT IN 
SERIAL SHIFT OUT 
CONV. SIN & LOAD 
DITTO 
CONV. PAR. & LOAD 
DITTO 
DITTO 

HOLD 
SERIAL SHIFT IN 
SERIAL SHIFT OUT 
CONV. SIN & LOAD 
DITTO 
CONV. PAR. & LOAD 

HOLD 
SERIAL SHIFT IN 
SERIAL SHIFT OUT 
CONV. SIN & LOAD 
CONV. PAR. & LOAD 
DITTO 

~OLD 
SERIAL SHIFT IN 
SERIAL SHIFT OUT 
CONV. SIN & LOAD 
DITTO 
CONV. PAR. & LOAD 
DITTO 

HOLD INV FLAG 
(ACTIVE LOW) 
SET IF INVALID 
DITTO 
DITTO 
DITTO 

BIT SYNC. 
(ACTIVE LOW) 



~ PAL® C 16R6 GCR Encoder/Decoder 
~~~UcrOR============================================================== 
ABEL Listing 
module --gcrext; 
title 

flag '-rO; 

'PAL16R6 DESIGN EXAMPLE FILENAME: GCREX.PAL 
PATOOl 
4B-5B ENCODER/DECODER 
CYPRESS SEMICONDUCTOR 
-Translated by TOABEL-' ; 
P16R6 device 'P16R6'; 

"declarations 
TRUE,FALSE = 1,0; 
H,L = 1,0; 
X,Z,C = .X.,.Z.,.C.; 

GND,VCC 
pin 10,20; 

CK,Ml,MO,D3,D2,Dl,DO,EN,CIF,E 

BRUCE WENNIGER 9/17/85 

pin 1,2,3,4,5,6,7,8,9,11; 

equations 

INV,YO,Yl,Y2,Y3,SOUT 
pin 13,14,15,16,17,18; 

SIN,BS 
pin 12,19; 

ISOUT := lEN & ISOUT 
# EN & IMl & IMO & ISIN 
# EN & IMl & MO & IYO 
# EN & Ml & IMO & ISIN 
# EN & Ml & MO & Dl & IDO 
# EN & Ml & MO & D3 & IDO 

II HOLD/RECIRCULATE 
II SERIAL SHIFT IN 
II SERIAL SHIFT OUT 
II CONY. SIN & LOAD 
II CONY. PAR. & LOAD 
II DITTO 

IYO .- lEN & IYO 
# EN & IMl & IMO & ISOUT 
# EN & IMl & MO & IYl 
# EN & Ml & IMO & ISOUT 
# EN & Ml & IMO & Y3 & Y2 
# EN & Ml & MO & D2 & !Dl 
# EN & Ml & MO & D3 & !Dl 
# EN & Ml & MO & !D3 & !Dl 

Figure 9 
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& IYO 
& DO 
& DO 
& !DO; 
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~~~~UcrOR================================================================ 
ABEL Listing (Continued) 

" HOLD 
" SERIAL SHIFT IN 
" SERIAL SHIFT OUT 
" CONV. SIN & LOAD 
"DITTO 
"CONV. PAR. & LOAD 
"DITTO 
"DITTO 

lYl .- lEN & lYl 
# EN & IMl & IMO & lYO 
# EN & IMl & MO & lY2 
# EN & Ml & IMO & lYO 
# EN & Ml & IMO & Y3 & Y2 
# EN & Ml & MO 

"HOLD 
"SERIAL SHIFT IN 
"SERIAL SHIFT OUT 
"CONV. SIN & LOAD 
"DITTO 
"CONV. PAR. & LOAD 

lY2 .- lEN & lY2 

& !O2 ; 

# EN & IMl & IMO & lYl 
# EN & IMl & MO & 
# EN & Ml & IMO & 
# EN & Ml & MO & 
# EN & Ml & MO 

"HOLD 
"SERIAL SHIFT IN 
"SERIAL SHIFT OUT 
"CONV. SIN & LOAD 
"CONV. PAR. & LOAD 
"DITTO 

lY3 := lEN & lY3 

& 

lY3 
lYl 

!O3 & Dl 
!O3 & D2 

# EN & IMl & IMO & lY2 
# EN & IMl & MO & ISOUT 

& DO 

# EN & Ml & IMO & Y3 & SOUT 
# EN & Ml & IMO & lY2 
# EN & Ml & MO & D3 & DO 
# EN & Ml & MO & D3 & Dl 

Figure 9 (Continued) 
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~~~~============================================================== 
ABEL Listing (Continued) 

end --gcrext; 

"HOLD 
"SERIAL SHIFT IN 
"SERIAL SHIFT OUT 
"CONV. SIN & LOAD 
"DITTO 
"CONV. PAR. & LOAD 
"DITTO 

IINV := CIF & IINV 
# ICIF & Ml & 
# ICIF & Ml & 

# ICIF & Ml & 

IMO & IY3 & IY2 
IMO & IY3 & IYl & IYO 
IMO & IYO & ISOUT 

# ICIF & Ml & IMO & Y3 & Y2 & Yl & YO & 

" HOLD INV FLAG 
" SET IF INVALID 
" DITTO 
" DITTO 
" DITTO 

IBS = Y3 & Y2 & Yl & YO & SOUT; 
" BIT SYNC. 

Figure 9 (Continued) 

10-34 

SOUT 
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~~~~UcrOR============================================================== 
Document File 

Page 1 
ABELTM Version 1.10 - Document Generator 
PAL16R6 DESIGN EXAMPLE 

17-Sept-85 8:30 AM 
FILENAME; GCREX.PAL 

PATOOl BRUCE WENNIGER 9/17/85 
4B-5B ENCODER/DECODER 
CYPRESS SEMICONDUCTOR 
-Translated by TOABEL-
Equations for Module --gcrext 

Device P16R6 
Reduced Equations: 

SOUT := l( lEN & lSOUT 

YO .-

# EN & lMO & lMl & lSIN 
# EN & MO & lMl & lYO 
# EN & lMO & Ml & lSIN 
# lDO & Dl & EN & MO & Ml 
# lDO & D3 & EN & MO & Ml) ; 

l( lEN & lYO 
# EN & lMO & lMl & lSOUT 
# EN & MO & lMl & lYl 
# EN & lMO & Ml & lSOUT 
# EN & lMO & Ml & lYO & Y2 & Y3 
# DO & !Dl & D2 & EN & MO & Ml 
# DO & lDl & D3 & EN & MO & Ml 
# lDO & lDl & lD3 & EN & MO & Ml) ; 

Yl.- 1 ( lEN & lYl 
# EN & lMO & lMl & lYO 
# EN & MO & lMl & lY2 
# EN & lMO & Ml & lYO 
# EN & lMO & Ml & Y2 & Y3 
# lD2 & EN & MO & Ml) ; 

Y2.- l( lEN & !Y2 

Y3 .-

INV = 

# EN & lMO & lMl & lYl 
# EN & MO & lMl & lY3 
# EN & lMO & Ml & lYl 
# Dl & lD3 & EN & MO & Ml 
# DO & D2 & lD3 & EN & MO & Ml) ; 

l( lEN & lY3 
# EN & lMO & lMl & lY2 
# EN & MO & lMl & lSOUT 
# EN & lMO & Ml & SOUT & Y3 
# EN & lMO & Ml & lY2 
# DO & D3 & EN & MO & Ml 
# Dl & D3 & EN & MO & Ml) ; 

1 (CIF & lINV 
Figure 10 
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~~~~u~==~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
Document File (Continued) 

ABELTM VERSION 1.10 - Document Generator 
PAL16R6 DESIGN EXAMPLE 
PAT001 
4B-5B ENCODER/DECODER 
CYPRESS SEMICONDUCTOR 
-Translated by TOABEL­
Equations for Module --gcrext 
Device P16R6 

# lCIF Be lMO Be M1 Be 
# lCIF Be lMO Be M1 Be 
# lCIF Be lMO Be M1 Be 

lY2 Be lY3 
lYO Be lY1 Be lY3 
lSOUT BelYO 

Page 1 
17 Sept-85 8:30 AM 

FILENAME: GCREX.PAL 
BRUCE WENNIGER 9/17/85 

# lCIF Be lMO Be M1 Be SOUT Be YO Be Y1 Be Y2 Be Y3) ; 
BS = l(SOUT Be YO Be Y1 Be Y2 Be Y3) ; 

Chip diagram for Module --gcrext 
Device P16R6 

end of module --gcrext 

CK 

M1 

MO 

03 

02 

01 

00 

EN 

CIF 

GNO 

Figure 10 (Continued) 

PALC16R6 

1 Vee 

2 BS 

3 SOUT 

4 Y3 

5 Y2 

6 Y1 

7 YO 

8 INV 

9 SIN 

10 11 E 
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~ PAL® C 16R6 GCR EncoderlDecoder 
~~~U~R========================================================== 
JEDECFile 
ABELTM Version 1.10 JEDEC file for: P16R6 
Created on: 17-Sept-85 8:30 AM 
PAL16R6 
PAT001 

DESIGN EXAMPLE FILENAME: GCREX.PAL 

4B-5B ENCODER/DECODER 
CYPRESS SEMICONDUCTOR 
-Translated by TOABEL-* 
QP20* QF2048* 

LOOOO 
11111111111111111111111111111111 
11111101110111011101110111111111 
00000000000000000000000000000000 
00000000000000000000000000000000 
00000000000000000000000000000000 
00000000000000000000000000000000 
00000000000000000000000000000000 
00000000000000000000000000000000 
11111110111111111111111110111111 
10111011111111111111111101111110 
10110111111111111111111001111111 
01111011111111111111111101111110 
01110111111111110111101101111111 
01110111011111111111101101111111 
00000000000000000000000000000000 
00000000000000000000000000000000 
11111111111011111111111110111111 
10111011111111101111111101111111 
10110110111111111111111101111111 
01111001110111111111111101111111 
01111011111111101111111101111111 
01110111011111111111011101111111 
01110111011111110111111101111111 
00000000000000000000000000000000 
00000000000000000000000000000000 
11111111111011111111111110111111 
10111011111111101111111101111111 
10110110111111111111111101111111 
01111001110111111111111101111111 
01111011111111101111111101111111 
01111111111111111111011101111111 
01110111011111110111111101111111 

00000000000000000000000000000000 
11111111111111101111111110111111 

BRUCE WENNIGER 9/17/85 

Figure 11 
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~~~ucr~========================================================== 
JEDEC File (Continued) 

10111011111111111110111101111111 
10110111111011111111111101111111 
01111011111111111110111101111111 
01110111101111110111111101111111 
01110111101101111111011101111111 

00000000000000000000000000000000 
00000000000000000000000000000000 
11111111111111111110111110111111 
10111011111111111111111001111111 
10110111111111101111111101111111 
01111011111111111111111001111111 
01111011110111011111111101111111 
01110111111110111111111101111111 
00000000000000000000000000000000 
00000000000000000000000000000000 
11111111111111111111111010111111 
10111010111111111111111101111111 
10110111111111111110111101111111 
01111011111111111111111101111111 
01111011110111011111111001111111 
01110111111101111011011101111111 
01110111011111111011011101111111 
01110111101111111011101101111111 
11111111111111111111111111100111 
01111011111011101111111111111011 
01111011111011111110111011111011 
01111010111111111111111011111011 
01111001110111011101110111111011 
00000000000000000000000000000000 
00000000000000000000000000000000 
00000000000000000000000000000000 
00000000000000000000000000000000 
00000000000000000000000000000000 
00000000000000000000000000000000 
00000000000000000000000000000000 
00000000000000000000000000000000 
00000000000000000000000000000000 
00000000000000000000000000000000 
00000000000000000000000000000000* 
C8E51* 

D15A 

Figure 11 (Continued) 
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Understanding FIFOs 
Introduction 
FIFO is an acronym for First-In-First-Out. 

In digital electronics, a FIFO is a buffer memory that is 
organized such that the first data entered into the memory 
is also the first data removed from the memory. 

History of FIFOs 
Software FIFOs 
Software FIFOs have been (and are being) used extensively 
in computer programs where tasks are placed in queues 
waiting for execution. In the programmers' language the 
program (process) that puts data into the memory is a 
"producer" and the program that takes data out is a "con­
sumer". Obviously the producer and the consumer cannot 
access the memory simultaneously. It is the responsibility 
of the programmer to insure that contention does not oc­
cur. Data transfer via a shared memory is a standard pro­
gramming technique but it is not feasible to have the proc­
essor in the data path for data rates greater than 5 Mega­
bytes per second (MB/s). For higher data rates DMA, 
FIFO, or some combination of the two techniques are used 
to transfer information. 

Hardware FIFOs 
In the design of systems, once procedures are standardized 
and verified in software, the software can be replaced with 
hardware. The benefits of doing this are improved perform­
ance, reduced software, ease of design and usually reduced 
costs. 
Register Array 
The first hardware FIFOs were of the "register array" ar­
chitecture and included the serializer/deserializer 
(SERDES) within the IC. As they evolved, and due to the 
ubiquitous microprocessor, the parallel input and parallel 
output configuration became the standard. For applica­
tions that required SERDES users added external shift reg­
isters. 

The method of transferring data from one register to an­
other is called a "bucket brigade". The transfer is con­
trolled by a "valid data" bit (one per word) that designates 
which words have been written into but not yet read from 
and combinatorial control logic. The time for this logic to 
propagate a word of data from the input to the output of an 
initially empty FIFO is called "fallthrough time". 
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Dual Port Ram 
The "second generation" of FIFOs are of the "dual port 
RAM" architecture. In order to achieve truly independent, 
asynchronous operation of inputs and outputs, the capabili­
ty to read and write simultaneously must be designed into 
the basic memory cell. 

The fall through time present in the register array organiza­
tion is eliminated by the RAM architecture. However, the 
RAM must be (internally) addressed, which requires two 
pointers. One points to the location to be written into and 
the other points to the location to be read from. In addi­
tion, a bit is required for every FIFO word to designate 
which words have been written to but not yet read. 

Applications 
FIFOs are used as building blocks in applications where 
equipment that are operating at different data rates must 
communicate with each other, i.e., where data must be 
stored temporarily or buffered. 

These include: 

• Word processing systems 

• Terminals 
• Communications systems; including Local Area Net­

works 

• EDP, CPU, and peripheral equipment; including disk 
controllers and streaming tape controllers 

The Ideal FIFO 
The characteristics of an ideal FIFO are: 

INPUTS 

• Infinitely variable input frequency (0 to infinity) 

• Infinitely variable input handshaking signals 

OUTPUTS 

• Infinitely variable output frequency 

• Infinitely variable output handshaking signals 
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~~~~U~R================================================================== 
The Ideal FIFO (Continued) 

BOTH 

• Inputs and outputs are completely independent and 
asynchronous to each other, except that over-run or 
under-run are not possible. 

STATUS INDICATORS 

• Full/empty 

• One-half full, Y4 full, Y4 empty 

LATENCY 

• The latency should be zero. In other words, the data 
should be available at the FIFO outputs as soon as it is 
written. In the empty condition this would be the next 
cycle. 

EXPANSION 

• Expandable word length and depth without external 
logic and without performance degradation. 

NO FALLTHROUGH OR BUBBLETHROUGH TIME 

Analysis of Present Architectures 
Register Array 
The first Integrated Circuit FIFOs were an extension of the 
simplest FIFO of all; a serial shift register. 
Input Stage 
As illustrated in Figure 1, the input stage is a one word by 
m-bit parallel shift register that is under control of the in­
put handshaking signals SI (Shift In) and IR (Input 
Ready). 
Output Stage 
The output stage is also a one word by m-bit parallel shift 
register that is under control of the output handshaking 
signals OR (Output Ready) and SO (Shift Out). 
Register Array 
The middle N-2 X m-bit registers are controlled by signals 
derived from the preceding control signals. 

Valid Data 
A flag bit is associated with each word of the FIFO in 
order to tell whether or not the data stored in that word is 
valid. The usual convention is to set the bit to a one when 
the data is written and to clear it when the data is read. 
Fallthrough and Bubblethrough 
The preceding statements regarding input and output 
stages are not precisely correct under two special condi­
tions, which occur when the FIFO is empty and full: 

EMPTY CONDITION - FALLTHROUGH 

In the empty condition the data must enter the input 
stage and propagate to the output stage. This is called 
Fallthrough time and it limits the output data rate. 

FULL CONDITION - BUBBLETHROUGH 

When the FIFO is full and one word is read, all of the 
remaining words must move down one word (or the 
empty word must propagate to the input). This is 
called Bubblethrough time and it limits the input data 
rate. 

As we shall see, Bubblethrough time and Fallthrough time 
are usually equal because the same logic is used. 

Dual Port RAM Architecture 
The dual port RAM architecture refers to the basic memo­
ry cell used in the RAM. By adding read and write transis­
tors to the conventional two transistor RAM cell, the read 
and write functions can be made independent of each oth­
er. Obviously this increases the size of the RAM cell, but 
doing this is more than compensated for by simpler control 
logic and improved performance. 

The RAM requires two address pointers; one to address 
the location where data is to be written and the other to 
address where data is to be read. Comparators are used to 
sense the empty and full conditions and control logic is 
required to prevent over-run and under-run. 

OUTPUT DATA 

1 WORD 

N-2 
WORDS 

1 WORD 

0044-1 

Figure 1. Register Array Architecture 
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Analysis of FIFOs 
The procedure will be to first analyze the FIFO as a "black 
box" and then to compare the most important characteris­
tics of a class of representative FIFOs with the characteris­
tics of the CY7C401 FIFO. 

The class of FIFOs chosen is the industry standard 
XXX401A and XXX402A that are available from several 
sources. The 401 is 64 x 4 and the 402 is 64 x 5 with the 
same performance. Both are of the register array architec­
ture. Both are expandable in depth (number of words), 
which is called cascadeable, without additional logic as 
well as expandable in word width (number of bits per 
word) with additional logic. The operation will first be ana­
lyzed in the standalone configuration. 

Functional Description 
Data Input - Refer to Figures 2, 3 
After power-on the Master Reset (MR) input is pulsed 
LOW to initialize the FIFO. When the IR output goes high 
it signifies that the FIFO is able to accept data from the 
producer at the DI inputs. Data is entered into the input 
stage when the SI input is brought high (if IR is also high). 
SI going high causes IR to go low, acknowledging receipt 
of the data, which is now in the input stage. 

When SI goes low (in response to IR going low) and if the 
FIFO is not full, IR will go back high, indicating that more 
room is available in the FIFO. At the same time SI goes 
low data is propagated to the next empty location, which 

may be the second location, but could be any location up to 
but not including the output stage. 
Data Output - Refer to Figures 4, 5 
Data is read from the DO outputs of the output stage un­
der control of the SO and OR handshaking signals. The 
high state of OR indicates to the consumer that valid data 
is available at the outputs. When OR is high, data may be 
shifted out by bringing the SO line high (request), which 
causes the OR line to go low (acknowledge). Valid data is 
maintained on the outputs as long as SO is high. When SO 
goes low (in response to OR going low) and if the FIFO is 
not empty, OR will go back high, indicating that there is 
new valid data at the outputs. If the FIFO is empty OR 
will remain low and the data on the outputs will not 
change. 
Empty/Full 
If the FIFO is empty, OR will not go high within a fall­
through time after SO goes low, so this condition may be 
sensed and used to indicate EMPTY. 

Similarly, if the FIFO is full, IR will not go high within a 
bubblethrough time after SI goes low, so this condition 
may be sensed and used to indicate FULL. 

Standalone Operation 
Input Data Setup and Hold 
The input data must be stable for an amount of time equal 
to the setup time (tms) before the rising edge of SI and 

fFl 0 
+ ,.......'~~'------. 

SHIFT IN ED ' 
INPUT READY ~~ Lgy""--~~ tD - - __ .ill.. 

INPUT DATA 2QDf-STABLE DATAY<XXXXXXXXXXXXXXXXXXXXXX 
0044-2 

Figure 2. Method of Data Input 
Notes: 

Shift in pulses applied while Input Ready is LOW will be ignored. 
Ell External "producer" response time. 
+ SI pulse could be of fixed positive duration and would then not de­

pend upon response time of producer. 
<D Input Ready HIGH indicates space is available and a Shift in pulse 

may be applied. 
@ Input Data is loaded into the first word. 

@ Input Ready goes LOW indicating the first word is full. 
@ The Data from the first word is released to propagate to the second 

word. 
® The Data from the first word is transferred to the second word. The 

first word is now empty as indicated by Input Ready HIGH. 
@ If the second word is already full then the data remains at the first 

word. Since the FIFO is now full, Input Ready remains low. 

~------67ns-------'II'-------67ns-------'1 

SHIFT IN 
INPUT READY ---t----+-~~'"' 

INPUT DATA 
.HOLD TittlE. I 

40nl 
-Onl 

Figure 3. Input Timing for FIFO 
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Analysis of FIFOs (Continued) 

~ ,¥e~ SHIFT OUT -----j-' 1 + -
OUTPUT READY ~~"""'1 ----+I..'--------:¥P~"''--_-3:::::~ ____ ~ ___ 5...L _ _ _ _ __ 

OUTPUT DATA ------A---D-AT-A------..,*tiUi,~ 
I-A OR B-1 

0044-4 

Figure 4. The Method of Shifting Data Out of the FIFO 
Notes: 
EEl External "consumer" response time. 
+ SO pulse could be of fixed positive duration and would then not 

depend upon response time of consumer. 
(i) Output Ready high indicates that data is available and a Shift Out 

pulse may be applied. 
® Shift Out goes high causing the next step. 

SHIFT OUT 

OUTPUT READY ----I ....... -+~~"'" 

® Output Ready goes LOW. 
@ Contents of word 52 (B-DATA) is released to propagate to word 53. 
® Output Ready goes high indicating that new data (B) is now available 

at the FIFO outputs. 
@ Ifthe FIFO has only one word loaded (A-DATA) then Output 

Ready stays LOW and the A-DATA remains unchanged at the out­
puts. 

0044-5 

Figure S. Output Timing for Register Array FIFO 

Notes: 
(i) The diagram assumes that, at this time, words 63,62,61 are loaded 

with A, B, C Data respectively. 

remain stable for an amount of time equal to the hold time 
(tIDH) after the rising edge of SI. 

tIDS = 0 ns 

tIDH = 40ns 
Input Timing 
Figure 3 shows the timing relationships between the input 
data and the handshaking signals when operating at the 
maximum input data rate of 15 MHz. The Input Ready 
signal lags (follows) the rising edge of the Shift In signal by 
40 ns (max.) for this two edge handshake. 

Fallthrough Time 
Figure 2 shows the method of entering data into the FIFO. 
The fallthrough time (Figure 6) is measured from the fall­
ing edge of the SI signal to the rising edge of the IR signal. 
For a 15 MHz Register Array FIFO, this time is specified 
as tpT = 1.6 p,s (microseconds). 
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® Data in the crosshatched region may be A or B Data. 

Register Array Propagation Delay Time 
The register array propagation delay time may be approxi­
mated by using the delay from the falling edge of the SO 
signal to the rising edge of the OR signal as being repre­
sentative of the. data propagation delay through the output 
stage and subtracting this from the fallthrough time. 

Reg. Prop. Delay = 

Fallthrough time - Output Prop. Delay Time 

The delay per stage is then calculated by dividing the regis­
ter array propagation delay time by the number of stages 
the data propagates through. 

Reg. Prop. Delay = 1.6 p,s - 50 ns 

= 1.55 p,s 

Delay per stage 
= 1.55 p,s 

64 - 2 

= 25 ns 



Analysis of FIFOs (Continued) 
Output Timing 
Figure 5 shows the timing relationships between the output 
data and handshaking signals when operating at the maxi­
mum output data rate of 15 MHz. The Output Ready sig­
nallags the Shift Out signal by 45 ns (max.) for this two 
edge handshake. Data is shifted to the output stage on the 
falling edge of SO, but does not stabilize until 45 ns later. 
OR goes low in response to SO going high (45 ns later) and 
then goes back high 50 ns (max) after the high to low 
transition of SO. 

The reader may assume that the (new) output data is valid 
50 - 45 = 5 ns before the rising edge of the OR signal, but 
this is incorrect. The data sheet specifies these two num­
bers only as maximums and not also as minimums. Evalua­
tion of these FIFOs has revealed that the data may change 
several nanoseconds AFTER the rising edge of the OR 
signal. 

The consumer is responsible for delaying the rising edge of 
the SO signal in order to satisfy his data setup time require­
ments, which may further reduce the throughput. 

SHIFT IN 

INPUT READY -----1--+--"" 

SHIFT OUT 

Understanding FIFOs 

Full Condition 
The maximum propagation delay from SI going low until 
IR goes high is 40 ns (Figure 3). The bubblethrough time 
for the full condition is illustrated in Figure 7. This time, 
tpT, is specified as 1.6 p.s on the data sheet. The delay per 
stage is calculated by subtracting 40 ns from 1.6 p.s and 
dividing by the number of stages (64 - 2). 

Delay per stage = 

Bubblethrough time - Output Delay time 

Number of stages 

1.6 p.s - 0.04 }J-s 

64 - 2 

25.16 ns 
Bubblethrough Time 
The bubblethrough timing is illustrated in Figure 7. It is 
seen to be equal to the fallthrough time. 

tpT (5) -1.6J1.S--+--'I r I 
f!? p \ 

OUTPUT READY "'"""---------------..1-1_ toPH_I-----­
~30ns 

Figure 6. Falltbrough Timing 
Notes: 

SHIFT OUT 

<D FIFO initially empty. 
® Consumer requests data. 
® Producer enters data. 

OUTPUT READY ----.....j--.....j--~ 

SHIFT IN 

@ Data enters internal register 
array. 

@ Data is available at output. 

1 ~~1s----+-~1 ~ I 
INPUT READY -,-f!?_1 __________ --Ir

l
= t

IPH
)'-----

30ns~ 

Figure 7. Bubbletbrougb Timing 
Notes: 
<D FIFO is initially full. 
® Shift In held HIGH. 
® Consumer reads data. 
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@ Empty location begins to 
propagate to input. 

@ Empty location reaches input. 

0044-6 
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Analysis of FIFOs (Continued) 
Maximum Throughput Calculations 
The maximum throughput of the FIFO is seen to be limit­
ed by the fallthrough time when it is empty and the bubble­
through time when it is full. 

The "throughput period" corresponding to the "standalone 
period" (tA) and the fallthrough time (tF) is: 

Tmax. = tA + tF 

Converting to frequency yields 

1 1 
--=-+tF 
Fmax. FA 

Rearranging and solving for Fmax yields 

1 
Fmax= ---

I 
-+tF 
FA 

EQ.l 

The expressions for the throughput frequencies for the 
FIFO under the full and empty conditions are then; 

EMPTY FIFO 

FULL FIFO 

Fin = Fin (max.) 
1 

Fout = -1---

-+tF 
FA 

F out = Fout (max.) 

1 

1 
-+tF 
FA 

The maximum throughput that can be handled by a "near­
ly empty" or a "nearly full" FIFO operating in the stand­
alone mode is then: 

1 
F (max.) = -1---

1 

-+tF 
FA 

F (max.) = 1 = 1.667 fJ-s 
--- + 1.6fJ-s 
15 MHz 

F (max.) = 599.88 kHz 

Note that this is considerably less than the 15 MHz speci­
fied on the data sheet. 

FULLNESS SENSITIVITY (STANDALONE) 

The number of words written into the FIFO corresponding 
to the fall through time if the input data rate is at the maxi­
mum (15 MHz) is: 

Fin 15 MHz 
--...:::.::..-- = --- = 24 words. EQ. 2 
F fallthrough 1 

1.6 fJ-s 

Since the bubblethrough time is the same as the fallthrough 
time (in this case) the same number of words can be output 
at the maximum data rate from a full FIFO. 
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What this means is that the FIFO can operate at its maxi­
mum data rate (15 MHz) only when it is between 24 words 
and 64 - 24 = 40 words full. In order to NOT be sensitive 
to its fullness, the FIFO must be operated at a maximum 
frequency less than or equal to the frequency correspond­
ing to the fallthroughlbubblethrough time (625 KHz). 

Cypress proposes defining a Fullness Sensitivity (FS) figure 
of merit for FIFOs that is a measurement of the capacity 
range (or fullness) over which the FIFO can be operated at 
its maximum input rate AND its maximum output rate. 
The FS is normalized; one (1) is ideal and 1 > FS > O. 

N - FIA tF - FOA tB 
FS = EQ.3 

N 

Where: FS = Fullness Sensitivity 

N = The number of words in the FIFO 

FIA = Standalone maximum input frequency 

tF = Fallthrough time 

FOA = Standalone maximum output frequency 

tB = Bubblethrough time 

As an example we will calculate FS for a typical register 
array FIFO. 

FIA = FOA = 15 MHz 

tF = tB = 1.6 fJ-s 

N = 64 words 

64-15X 106 X 1.6X 1O-9 -15X 106 X 1.6X 10-9 
FS = ----------------

64 

64-24-24 
FS=-----

64 

FS = 0.25 

If the partial products would have had fractional parts we 
would have rounded them up to the next highest integers. 
FIFO Expansion 
The interconnection of two 64 word FIFOs to form a 128 x 
4 FIFO is shown in Figure 8. Observe that the OR output 
of the first FIFO becomes the SI input of the second FIFO 
and that the IR of the second becomes the SO input to the 
first. 

What this means is that the bubblethrough/fallthrough 
times serially add when the FIFOs are cascaded. 

The maximum throughput that can be handled by two 
FIFOs cascaded together is: 

F(max.) = 1 
- + 2tF 
FA 

F(max.) = 306 KHz 

Where, as before, FA = 15 MHz, tF = 1. 6 fJ-s. 
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Analysis of FIFOs (Continued) 

In general, when N FIFOs are cascaded together, the max­
imum throughput of the combination is: 

1 
F(max.) = 1 EQ.4 

-+ NtF 
FA 

The FS is also affected by the cascading of FIFOs. If N 
FIFOs are cascaded together the number of words that can 
be output or input is N times that of the standalone condi­
tion. 

Fin = FA 

F fallthrough 1 
EQ.5 

NtF 

If this number is greater than the actual (physical) FIFO 
depth it means that the FIFO cannot be operated at its 
maximum frequency. 

To make a wider word, as well as a deeper FIFO, connect 
the FIFOs as illustrated in Figure 9. Composite IR and OR 
signals must be generated using two external AND gates 
(e.g., 74LS08) to compensate for variations in the propaga­
tion delay of these signals from device to device. The max-

SHIFT IN 

INPUT READY 

t.lR 

----+ 

~ 

SI 

IR 

010 
011 
012 
013 

OR 

SO 

0°0 

001 

0°2 
- 003 t.lR 

Y 

imum throughput for this configuration is 205 KHz 
(N = 3 in preceding formula). 
Cascadability Considerations 
In order to guarantee the ability of multiple FIFOs to reli­
ably cascade with each other using the handshaking meth­
od previously described, certain conditions must be met. 
These are now considered. 
SI or OR Signal Compatability 
In the cascaded configuration, the OR signal of the Nth 
FIFO must be specified such that it can be detected when it 
is applied to the SI input of the N + lth FIFO. See Figure 
8. This means that the minimum high time (positive pulse 
width) of the OR output signal of the input FIFO must be 
able to be recognized at the SI input of the output FIFO. 
IR and SO Signal Compatability 
In the cascaded configuration, the IR output of the N + I th 
FIFO must be specified such that it can be detected when it 
is applied to the SO input of the Nth FIFO. 
Minimum Delay Between SI and IR 
The minimum delay between SI going HIGH and IR going 
LOW is an unspecified parameter in the industry standard 

SI 

IR 

010 
011 
012 
013 

.!.. 
t.lR 

Y 

OR 

SO 

0°0 

0°1 

0°2 

0°3 

OUTPUT READY 

SHIFT OUT 

] DATA OUT 
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Figure 8. 128 x 4 FIFO 

0044-9 

Figure 9.192 x 8 FIFO 

10-45 



~ Understanding FIFOs 
~~~~UaoR~~~~~~~~~~============================================== 
Analysis of FIFOs (Continued) 

data sheets. The Cypress FIFO exhibits a 6 to 10 ns mini­
mum delay. Care must be taken when mixing Cypress FI­
FOs and competitive FIFOs to insure that the parts will 
cascade with one another. In general, delaying the IR out­
put of the Cypress FIFOs enables competitive parts to cas­
cade with Cypress parts. The Cypress FIFO can always 
recognize the output of the competitive product. 

Minimum Delay Between OR and SO 
Another unspecified industry parameter is the delay be­
tween OR and SO. The minimum delay for Cypress FIFOs 
is 6 ns. A 500 pF capacitor added between the OR pin and 
ground and the IR pin and ground of all Cypress FIFOs 
will permit cascading with competitive FIFOs. These ca­
pacitors delay the signals the appropriate amount of time. 

Product Configuration tF 
CY7C401 64x4 65 ns 

CY7C403 64x4 65 ns 

CY7C402 64x 5 65 ns 

CY7C404 64x 5 65 ns 

IR 

WRITE PTR. 

MUX IN 

DATA 
01-. IN 

CONTROL 

Cascading at the Operating Frequency 
In order to operate at a given frequency, Fa, in the cascad­
ed configuration the following relationship must be satis­
fied; 

1 
tSIH + tIRH < -

Fa 

This condition is met by both the MMI and Cypress 
FIFOs. 

Description of the CY7C401 
A block diagram of the CY7C401 is shown in Figure 10. It 
is a direct, pin for pin, functional equivalent, improved per­
formance, replacement for the register array FIFOs. The 
similarities and differences between the 401,402,403, and 
404 are summarized in the table. 

Package Description 

16 pin DIP Industry Standard 

16 pin DIP Pin 1 is three-state 
output enable 

18 pin DIP Industry Standard 

18 pin DIP Pin 1 is three-state 
output enable 

DO 

OR 

0044-10 

Figure 10. CY7C401 Block Diagram 
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Description of the CY7C401 (Continued) 

Architecture Refer to Figure 10 

The architecture is that of a dual port RAM, which is 
accessed by two pointers; a read pointer and a write point­
er. The input data and output data do not reside in input or 
output registers as in the register array architecture. In­
stead, the pointers address the memory locations of the 
input and output data. Comparators are used to control the 
IR and OR lines to prevent overflow and underflow. The 
key to this architecture is the dual port RAM cell, which is 

Understanding FIFOs 

illustrated in Figure 11. It is only 1.2 square mils in area. 
Separating the read and write functions enables the memo­
ry cell to be read from and written to simultaneously and 
independently. This increases the basic cell size, but simpli­
fies the overall architecture and improves the performance. 

The bubblethrough time is greatly reduced (65 ns versus 
1.6 p,s) because it now represents the time required to up­
date the pointers, not the time required for data to propa­
gate through the memory array. 

0044-11 

Figure 11A. CY7C401 Ram Cell Layout 

01 DO R R DO Di 

.1 .1 
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Figure 11B. Cell Schematic 
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Description of The CY7C401 (Continued) 

Functional Description 
To the "outside world" the CY7C401 appears functionally 
e<;luivalent to the register array. FIFOs. All of the timing 
diagrams as well as the expanSlOn diagrams of Figures 8 
and 9 apply. 

Input data is sampled with the rising edge of the SI signal if 
the IR signal is high. The input (write) pointer is incre­
mented on the falling edge of the SI signal. 

Data.is ou~pu~ with the falling edge of the SO signal if the 
OR Signal IS high. The output (read) pointer is incremented 
on the rising edge of the SO signal. 
Output Timing 
In the discussion on output timing it was pointed out that 
(for the register array FIFO) the way the timing of the data 
out with respect to OR, there is no guarantee that the data 
will be stable before the rising edge of OR. This time 
(tsaR) is guaranteed to be a minimum of 5 ns on the 
CY7C401 data sheet. 

Comparison of Register Array FIFOs 
and the CY7C401 
Throughput 
Using equation 4 the values in the following table were 
calculated and are plotted in Figure 12. 

Fullness Sensitivity 
Register Array FIFOs in the Standalone Mode 
Equation 2 was used to calculate the number of words that 
could be input and output corresponding to the maximum 
frequency of 15 MHz. Subtracting these from the FIFO 
capacity (64) gives us the capacity range over which the 
FIFO can operate at its maximum rate. This was calculat­
ed to be between 24 and 40 words, or 32 ± 8 words. Equa­
tion 3 was used to calculate the FS and it was found to be 
0.25. 

Using equation 2 we have; 

Fin = FA 
F fallthrough 1 

15 MHz 

1 

67 ns 

tp 

= 0.975 words 

The CY7C401 is seen to be much less sensitive to fullness 
than the register array FIFOs. Its capacity can range from 
2 to 63 words, or 32 ± 31 words in the standalone mode. 

The Fullness Sensitivities are plotted in Figure 13. They are 
also plotted in a slightly different form in Figure 14. 

A little thought will convince the reader that Fullness Sen­
sitivity is another way of quantifying the range of the dif­
ference between input and output data rates. The closer the 
FS is to 1 the greater the capacity of the FIFO to handle 
bursts of data. 

Latency 
~he classic definition of latency is the difference, in elapsed 
time, between when a resource is requested and when it is 
granted. In disks, the worst case latency is the time re­
quired for one revolution of the disk. The average latency is 
then the time required for one-half a revolution. The as­
sumptions are one head per track and no contention for the 
head. 

Worst Case Latency - refer to Figures 6 and 7 
The worst case latency for the consumer occurs when the 
FIFO is empty and for the producer when it is full. It is; 

Where: tin + tout + tp 

tin = period of the input frequency 

tout = period of the output frequency 

tp = Fallthrough time 

Average Latency 
If the FIFO is operated such that it is not sensitive to its 
fullness tp = O. In addition, if tin = tout the average laten­
cy is one cycle. Otherwise, it is; 

tin + tout 
2 

Throughput 

N D C67401A CY7C401·5 CY7C401·25 

FA - - 15 MHz 15 MHz 25 MHz 
tp - - 1.6 p,s 65 ns 65 ns 

1 64 600KHz 7.57 MHz 9.52 MHz 
2 128 306 KHz 5.01 MHz 5.8 MHz 

4 256 155 KHz 3 MHz 3.3 MHz 
8 512 77.7 KHz 1.7 MHz 1.78 MHz 

16 1024 38.9 KHz 903 KHz 925.9 KHz 

32 2048 19.5 KHz 465.7 KHz 471 KHz 
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Comparison of Register Array FIFO's and the CY7C401 (Continued) 

10 

~ CY7C401-25 

o 500 1000 1 500 2000 
FIFO DEPTH IN WORDS 

~ 
:> 
i= 

1.0 

0.8 

~ 0.6 
LLI 
If) 

If) 
If) 

~ 0.4 
....I 
....I 
:;) 
Lo.. 

0.2 

o 

CY7C401-15 

\.. 0.96875 

o 10 20 30 40 
FIFO DATA IN WORDS 

50 60 

0044-13 

Figure 12. Maximum FIFO Throughput vs. Depth 
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Figure 13. Fullness Sensitivity in the Standalone Mode 
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Summary and Conclusions 
In most systems where FIFOs are used they are neither full 
nor empty, except at the beginning or end of an operation. 
After analyzing the preceding two FIFOs the reader can 
understand why. Serious performance degradation occurs 
under these conditions, especially if the FIFO uses the reg­
ister array architecture. To compensate for this, manufac-
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turers have added one-half empty/full indicators (etc.), 
which has helped by alerting the system controller before 
the performance suffers. 

A better solution to the performance problem is to use a 
FIFO that has the dual port RAM architecture, which has 
been shown to result in a superior performance FIFO. 
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Interfacing to the FIFO 
Application Brief 

Introduction 
This application brief is intended to be a guide to the FIFO 
user and to make him aware of certain conditions that 
should be considered when interfacing to the FIFO. The 
two areas of concern are (1) voltage sensitivity on the 
SI and SO inputs and, (2) metastability when the SI or the 
SO signals are derived from independent clocks. These 
two issues are independent of each other. All comments 
apply to the following Cypress CMOS FIFOs: 
CY7C4011402/403/404, CY7C3341, CY7C40S/409. 

High Gain Inputs 
The minimum positive SI and SO pulse widths are speci­
fied on the FIFO data sheet as 11 ns (25 MHz SI/SO) and 
20 ns (other speed grades). At room temperature and nom­
inal (5V) Vee the FIFO will operate reliably with SI/SO 
pulses as short as 5 ns. The reason these FIFOs respond to 
such short pulses is that the Cypress high performance 
CMOS process yields circuits that have very high gains 
and, consequently, require very little energy to change 
state. 

Termination networks are recommended on the SI and SO 
lines (traces) on Printed Circuit Boards (PCBs) when the 
lines exceed seven inches in length (from source to load). 
The termination matches the load impedance to the char­
acteristic impedance of the PCB trace, which is typically 
50n or less for microstrip or stripline construction on G-lO 
glass epoxy material. For minimum voltage reflections a 
slightly overdamped termination is preferred. Cypress rec­
ommends a series capacitor of lO pF and resistor of 47n be 
connected from the input pin (SI/SO) to ground as shown 
in Figure 1. This termination network acts as a low pass 

10pF I 
470Ht.lS ~ 

CYPRESS 
FIFO 

0097-1 

Figure 1. Recommended Termination Network 
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filter for short, high frequency pulses and dissipates no DC 
power. If more than one FIFO is connected in parallel to 
make a wider word only one termination network is re­
quired. It should be located at the input that is electrically 
the farthest away from the source. 

Synchronous And Asynchronous 
Operation 
When the SI and SO signals are derived from a common 
frequency source (or clock) the FIFO is, by definition, op­
erating in the synchronous mode. There is a precise, known 
relationship between the SI and SO signals. 

Conversely, when the SI and SO signals are d~rived fr?m 
two independent frequency sources, the FIFO IS operatmg 
in an asynchronous mode. 

In the synchronous mode the designer can assure that the 
OR signal not occur within the setup and hold time win­
dow that normally "surrounds" the output system clock 
edge (or sampling signal). The same reasoning applies to 
the occurance of the IR signal with respect to the input 
system clock. 

In the asynchronous mode, the designer cannot assure a 
known relationship between the OR signal and the output 
system clock either with respect to frequency or with re­
spect to phase. It is the responsibility of the designer to 
insure that, even though the output system clock edge may 
occur at the same time that the OR signal occurs, the 
FIFO still receives a SO clock that is wide enough to be 
reliably recognized as such by the FIFO. The same reason­
ing applies to the SI signal that is generated in response to 
the IR signal under control of the input system clock. 

A B 

OR 

CLK"'---+-! SO 

0097-2 

Figure 2. Pulse Synchronizer 
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Pulse Synchronizer 
The circuit of Figure 2 is recommended to generate the SO 
pulse as a function of OR under control of the output sys­
tem clock. An identical circuit should be used to generate 
the SI pulse as a function of IR under control of the input 
system clock. If it is required to perform control functions 
on the OR or the IR signals, it should be done before they 
are clocked by the first D flip-flop. 

State Diagram 
The two stage shift register is analyzed as a state machine 
in Figure 3. Other, more complex state machines can be 
designed, but the idea is the same; reliably generate a single 
pulse of a known minimum width for every OR or IR 
LOW to HIGH transition. 

0097-3 

Figure 3. Pulse Synchronizer State Diagram 

Transition Table 

A B STATE DESCRIPTION 

r-+ 0 0 0 IDLE AT STATE 0 

1 0 1 GENERATE SO = 1 

1 1 3 GENERATE SO = 0 

........ 0 1 2 TRANSITION STATE 

0097-4 

Design Considerations 
The frequency of the clock to the pulse synchronizer 
should be at least twice that of the maximum rate data is 
shifted into or out of the FIFO. 

For example, if it is required to shift data into the FIFO at 
a 10 MHz (SI) rate, the clock to the input pulse synchroni­
zer should be 20 MHz. If it is required to shift data out of 
the FIFO at a 15 MHz (SO) rate the clock to the output 
pulse synchronizer should be 30 MHz. 
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Minimum SI/SO Pulse Width 
The minimum pulse width of the SO signal of Figure 2 
under normal operating conditions will be one cycle of the 
output clock (CLK). However, when the OR or the IR 
signal changes within the "unallowed window" around the 
clock edge, defined by the flip-flop setup time and hold 
time, the flip-flop may go into a metastable state. i.e., its 
outputs may be between the logic ONE and the logic 
ZERO voltage levels. The amount of time the flip-flop will 
stay in the metastable region will be approximately 4 X, 
where X = clock to output propagation delay time. 

The minimum pulse width of the SO signal is determined 
by the delay, d, through the NOR gate, plus any delay the 
designer may add (D, shown as a box) in the path from the 
/Q output of the A flip-flop to the input of the NOR gate. 
The NOR gate acts as a low pass filter and will not pass a 
pulse if its width is less than d. Adding an external delay, 
D, increases the minimum pulse width to d + D. The 
maximum frequency that the circuit can operate at, assum­
ing equal gate tum-on and tum-off times, is then 

1 
f(max.) = 2 (d + D)· 

The total delay should be chosen such that the minimum 
pulse width is sufficient to reliably be detected by the 
FIFO. The preceding comments apply to lumped delays, 
not to analog or distributed delay lines. 

Implementation Of The Delay 
If only the NOR gate provides the delay, the following 
table lists typical and maximum propagation delays under 
nominal Vee and loading (20 pF) conditions. 

Table 1. Propagation Delay in ns 

Family Typical Maximum 

LS 10 15 

ALS 5 11 

HCMOS 8 23 

FACT 5 9.5 

A 74LS02 NOR gate will result in a minimum pulse width 
of 10 ns, which will reliably operate a 25 MHz CY7C403 
or a CY7C404 FIFO. 

If it is required to operate a 10 MHz CY7C401!402, the Q 
output of the A flip-flop may be inverted through a 74LS04 
and applied to the lower input of the NOR gate. The mini­
mum pulse width is then 10 + 10 = 20 ns. 

A delay line or a RC network could also be used to delay 
the signal to the lower input of the NOR gate. 

The circuit of Figure 2 can also be used to synchronize the 
SI and SO inputs of the CY7C334l. 

The rising edge of the SO signal should be used to sample 
the FIFO data. 



Power Characteristics of 
Cypress Products 

Introduction 
SCOPE AND PURPOSE 
This document presents and analyzes the power dissipation 
characteristics of Cypress products. The purpose of this 
document is to provide the user with the knowledge and 
the tools to manage power when using Cypress CMOS 
products. 

DESIGN PHILOSOPHY 
The design philosophy for all Cypress products is to 
achieve superior performance at reasonable power dissipa­
tion levels. The CMOS technology, the circuit design tech­
niques, architecture and the topology have been carefully 
combined in order to optimize the speed/power ratio. 

SOURCES OF POWER DISSIPATION 
Power is dissipated within the integrated circuit as well as 
external to it. Both internal and external power have a 
quiescent (or DC) component and a frequency dependent 
component. The relative magnitudes of each depend upon 
the circuit design objectives. In circuits designed to mini­
mize power dissipation at low to moderate performance, 
the internal frequency dependent component is significant­
ly greater than the DC component. In the high perform­
ance circuits designed and manufactured by Cypress, the 
internal frequency dependent power component is much 
less than the DC component. The reason for this is that a 
large percentage of the internal power is dissipated in linear 
circuits such as sense amplifiers, bias generators and volt­
age/current references that are required for high perform­
ance. 
External Power Dissipation 
The input impedance of CMOS circuits is extremely high. 
As a result, the DC input current is essentially zero (10 J-LA 
or less). When CMOS circuits drive other CMOS circuits 
there is practically no DC output current. However, 

Note: 

when CMOS circuits drive either bipolar circuits or DC 
loads, external DC power is dissipated. It is standard prac­
tice in the semiconductor industry to NOT include the cur­
rent from a DC load in the device Icc specification. 
Cypress supports this practice. It is also standard practice 
to NOT include the current required to charge and dis­
charge capacitive loads in the data sheet Icc specification. 
Cypress also supports this standard practice. 
Frequency Dependent Power 
CMOS integrated circuits inherently dissipate significantly 
less power than either bipolar or NMOS circuits. In the 
ideal digital CMOS circuit there is no direct current path 
between V cc and V ss; in circuits using other technologies 
such paths exist and DC power is dissipated while the de­
vice is in a static state. 

The principal component of power dissipation in a power­
optimized CMOS circuit is the transient power required to 
charge and discharge the capacitances associated with the 
inputs, outputs, and internal nodes. This component is 
commonly called CV2f power and is directly proportional 
to the operating frequency, f. The corresponding current is 
given by the formula 

Icdt) = CVf. 

The primary sources of frequency dependent power are due 
to the capacitances associated with the internal nodes and 
the output pins. For "regular" logic structures, such as 
RAMs, PROMs and FIFOs the internal capacitances are 
"balanced" so that the same delay and, therefore, the same 
frequency dependent power is dissipated independent of 
the location that is addressed. This is not true for program­
mable devices such as PALs because the capacitive loading 
of the internal nodes is a function of the logic implemented 
by the device. In addition, PALs and other types of logic 
devices may contain sequential circuits so the input fre­
quency and the output frequency may be different. 

The capacitance of each input pin is typically 5 pF, so its III 
contribution to the total power is usually insignificant. • 

The Cypress Power/Speed Program, which implements the equations in this application note, is available from Cypress for your use on personal 
computers. 

PAL® is a registered trademark of Monolithic Memories. 
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Introduction (Continued) 
Derivation of Applicable Equations 
The charge, Q, stored on a capacitor, C, that is charged to 
a voltage, V, is given by the equation; 

Q = CV. EQ.l 

Dividing both sides of equation 1 by the time required to 
charge and discharge the capacitor (one period or T) 
yields; 

EQ.2 

By definition, current (I) is the charge per unit time and 

1 
f= -. 

T 

Therefore, 

1= CVf. EQ.3 

The power (P = VI) required to charge and discharge the 
capacitor is obtained by multiplying both sides of equation 
3 byV. 

P = VI = CV2f EQ.4 

It is standard practice to make the assumption that the 
capacitor is charged to the supply voltage (V cd so that 

P = VeeI = C [Vec12f EQ.5 

The total power consumption for a CMOS integrated cir­
cuit is dependent upon: 

• the static (quiescent or DC) power consumption. 

• the internal frequency of operation 

• the internal equivalent (device) capacitance 

• the number of inputs, their associated capacitance, and 
the frequency at which they are changing 

• the number of outputs, their associated capacitance, 
and the frequency at which they are changing 

In equation form: 

PD = [(CIN) (FIN) + (CINT) (FINT) + (CLOAD) (FLOAD)] 

[Vee]2+ IcC (quiescent) Vee. EQ.6 

The first three terms are frequency dependent and the last 
is not. This equation can be used to describe the power 
dissipation of every IC in the system. The total system 
power dissipation is then the algebraic sum of the individu­
al components. 

The relative magnitudes of the various terms in the equa­
tion are device dependent. Note that equation 6 must be 
modified if all of the inputs, internal nodes or all of the 
outputs are not switching at the same frequency. In the 
general case, each of the terms is of the form C 1 F 1 + 
C2 F2 + C3 F3 + ... Cn Fn. In practical reality the 
terms are estimated using an equivalent capacitance and 
frequency. 
Transient Power: Input Buffers and Internal 
In the N-well CMOS inverter, the P-channel pullup tran­
sistor and the N-channel pulldown transistor (which are in 
series with each other between Vee and V ss) are never on 
at the same time. This means that there is no direct current 

to-54 

path between Vee and ground, so that the quiescent power 
is very nearly zero. In the real world, when the input signal 
makes the transition through the linear region (i.e., be­
tween logic levels) both the N-channel and the P-channel 
transistors are partially turned ON. This creates a low im­
pedance path between Vee and V ss, whose resistance is 
the sum of the N-channel and P-channel resistances. These 
gates are used internally in Cypress products. 
DC or Static Power 
In addition to the conventional gates there are sense ampli­
fiers, input buffers and output buffers, bias generators and 
reference generators that all dissipate power. The RAMs 
and FIFOs also have memory cells that dissipate standby 
power whether the IC is selected or not. The PROM and 
PAL® products have EPROM memory cells that do not 
dissipate as much standby power as a RAM cell. 
Power Down Options 
Many of the Cypress static RAMs have power down op­
tions that enable the user to reduce the power dissipation of 
these devices by approximately an order of magnitude 
when they are not accessed. The technique used is to dis­
able or tum-off the input buffers and the sense amplifiers. 
Worst Case Device Power Specifications 
All Cypress products are specified with Icc under worst, 
worst, worst case conditions. This means that the Vee 
voltage is at its maximum (5.5V), the operating tempera­
ture is at its minimum, which is O°C for commercial prod­
uct and - 55°C for military product and all inputs are at 
VIN = 2V. 

Icc TEMPERATURE DEPENDENCE 

For all Cypress products operating under all conditions, 
the Icc current increases as the temperature decreases. The 
Icc temperature coefficient is -0.12% per DC. To calcu­
late the percentage change in Icc from one temperature to 
another, this temperature coefficient is multiplied by the 
temperature difference. 

If, for example, it is required to calculate the expected re­
duction in Icc if either a commercial or a military grade 
Cypress IC is operated at room temperature (25°C), the 
calculations are: 

For commercial products 

[0 - 25] X [-0.12%] = 3% less Icc at room tempera­
ture than at O°C. 

For military products 

[-55 - (25)] X [-0.12%] 9.6% less Icc at room 
temperature than at - 55°C. 
Procedure 
The procedure will be to develop a general purpose power 
dissipation model that applies to all of the Cypress CMOS 
products and to then present tables so that users can esti­
mate typical and worst case power dissipations for each 
product. The data will be presented in chart form as func­
tions of product type and capacitance, that is: SRAM, 
PROM, PAL or Logic; including FIFOs. 
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Figure 1. Power Dissipation Model 

Power Dissipation Model 
A general purpose power dissipation model for all Cypress 
integrated circuits is shown in Figure 1. 

The procedure will be to isolate the four components of 
power dissipation described by equation 6 by controlling 
the inputs to the IC. The quiescent (Icd current is mea­
sured with the inputs to the IC at O.4V or less. Under this 
condition the input buffers and output buffers (unloaded 
DC wise) draw only leakage currents. All other direct cur­
rents are due to the substrate bias generator, sense amplifi­
ers, other internal voltage or current references and NMOS 
memory circuits. 

At VIN = 1.5V the input buffers draw maximum Icc cur­
rent. The total current is measured and the quiescent cur­
rent subtracted to find the total input buffer Icc current. 
The current per input buffer is then calculated by dividing 
the total input buffer current by the number of input buff­
ers. 

INPUT BUFFERS 
Three different types of input buffers are used in Cypress 
products. For purposes of illustration they are referred to 
as types A, Band C. Table 1 lists the maximum ICCs. 

Table 1. Types of Input Buffers 

Buffer ICC 
Type (max. iR mA) 

A 1.3 

B 0.8 

C 0.6 

The schematics and input characteristics for the three 
types of buffers are illustrated in Figure 2. A circle on the 
gate of a transistor means that it is a P-channel device. 

As can be seen from the figure, the input buffers draw 
essentially zero Icc current when VIN is 0.4V or less or 
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(except for type A) when VIN is 4V or more. In other 
words, if the inputs are driven "rail to rail" the Band C 
input buffers will dissipate power only during the input 
signal transitions. 

To reach these levels the input pins should be either driven 
by a CMOS driver or by a TTL driver whose output does 
not drive any other TTL inputs. 

When the inputs are driven by the minimum TTL levels 
(VIR = 2V, VIL = 0.8V) each input buffer draws 20% 
more ICC current than if it were driven rail to rail. 

VOUT 
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Power Dissipation Model (Continued) 

DUTY CYCLE CONSIDERATIONS 
The input characteristics of the type B (Figure 2D) and the 
type C (Figure 2F) buffers may be approximated by trian­
gles symmetric about the VIN = 1.5V points, whose ampli­
tudes are 0.8 rnA and 0.6 rnA, respectively. Therefore, be­
tween the VIN = 0.5V and VIN = 3.5V points the average 
current is one-half the peak current, or 0.4 rnA and 
0.3 rnA, respectively. In most systems the input signal slew 
rates are one-half volt per nanosecond or greater so the 
input transitions occur quickly. Under these conditions the 
duty cycle of the input buffers must be considered. 
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For example, if the CY7C167-35 RAM were used with 
input signals having a slew rate of one-half volt per nano­
second it would take 

1 
[3.5V - 0.5V] X -- = 6 ns 

0.5V/ns 

for the input signals to go through the 3V transition. Dur­
ing the transition each input buffer would be drawing 
0.3 rnA of current from the Icc supply. However, this time 
is only 6 ns/35 ns = 0.17 or 17% of the access cycle. 
Therefore, the actual input buffer transient current is only 
0.17 X 0.3 rnA = 0.051 rnA. It will be shown that this is 
insignificant in most power calculations. 

INPUT BUFFER FREQUENCY 
DEPENDENT CURRENT 
This is the current required to charge and discharge the 
capacitance associated with each input buffer. The capaci­
tance is typically 5 pF and the voltage swing is typically 
4V. 

Using equation 3; 1= CVf 

lec(t) = 5 X 10- 12 X 4 X f. 

Iec(t) = 20 X 1O- 12f. 

CORE AND OUTPUT BUFFERS 
The memory core will have a standby power dissipation 
due to the substrate bias generator, reference generators, 
sense amplifiers, and polyload RAM cells or EPROM 
cells. This current is measured with VIN = OV, so that the 
input buffers draw no current. Under these conditions the 
output buffers will draw only leakage current and dissipate 
essentially no power. 

The output buffers have N-channel pullup devices that 
cause the output voltage level to reach VOH = Vee - IV. 

The capacitance of the output buffers, including stray ca­
pacitance, is typically 10 pF. 

IfCL = 10 pF, VOH ~ 4V. 

Again, using equation 3, Iec(t) = 40 X 1O- 12f for the 
output buffers. 
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Current Measurement 
INSTANTANEOUS CURRENT 
Figure 3 illustrates the instantaneous current drawn by a 
Cypress RAM. The instantaneous power is calculated by 
multiplying this current times the constant supply voltage, 
V cc. Most of the power is dissipated in the time corre­
sponding to the access time. This is also true for PROMs 
and PALs. 

ADDRESS/DATA 

ICC 

~-------tA--------~ 

1-----------TCy ---------1 

I, = Quiescent Icc 
12 = Average Icc 

i(t) = Instantaneous Icc 
Figure 3. RAM Icc 

AVERAGE CURRENT 
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The current measurement unit in an automatic tester inte­
grates the instantaneous current over the measurement cy­
cle and arrives at an equivalent average current. In other 
words, the average current, 12, during time TCY is equal to 
the area between the instantaneous current, i (t), and the X 
axis during TCY. Therefore, when the frequency is de­
creased, the "current pulse" is (figuratively) spread over a 
longer time, so the average current is proportionately less. 

DC Load Current 
Note that the preceding calculations have not accounted 
for any DC loads. The user must calculate these separately. 

Product Characteristic Tables 
The following tables are listed to enable the user to calcu­
late the current requirements for Cypress products. CINT is 
the equivalent device internal capacitance, Icc (Q) is the 
quiescent or DC current and leC(MAX) is the maximum 
Icc current (as specified on the data sheet) for the com­
mercial operating temperature range. 

STATIC RAMs 
Table 2 

Part No. 
Buffer No. No. CINT Icc (Q) Icc (Max.) 
Type Inputs Outputs (pF) (mA) (mA) 

CY7C122/123 A 16 4 24 50 90 
CY7C128 B 14 8 27 59 120 
CY7C147 B 15 1 34 28 90 
CY7C148/149 B 12 1 32 45 90 
CY7C150 B 18 4 20 44 90 
CY7C161/162 B 22 4 300 13 70 
CY7C164 B 20 4 300 13 70 
CY7C166 B 21 4 300 13 70 
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Table 2 (Continued) 

Part No. Buffer No. No. CINT Icc (Q) ICC (Max.) 
Type Inputs Outputs (pF) (mA) (mA) 

CY7C167 C 17 1 75 25 70 
CY7C168/169 C 18 4 75 50 70 
CY7C170 B 18 4 50 33 90 
CY7C171/172 B 18 4 100 27 70 
CY7C185/186 B 25 8 330 13 100 
CY7C187 B 19 1 150 7 100 
CY7C189/190 B 10 4 21 32 90 

PROMs 
Table 3 

Part No. Buffer No. No. CINT ICC(Q) ICC(Max.) 
Type Inputs Outputs (pF) (mA) (mA) 

CY7C225 B 12 8 32 35 90 
CY7C235 B 13 8 35 35 90 
CY7C245 B 13 8 35 50 90 
CY7C261/3/4 C 14 8 60 45 100 
CY7C268/269 C 19/17 9 60 60 100 
CY7C281/282 B 14 8 35 35 100 
CY7C291/292 B 14 8 35 50 100 

PALs 
For the 16L8, 16R8, 16R6 and 16R4 the number of inputs 
and outputs is, within limits, user configurable. All use 
type B buffers. 

Table 4 

Part No. CINT 
(pF) 

PALC16L8/R8/R6/R4 40 
PLDC20G10 50 
PALC22VlO 50 
PLDCY7C330 300 

LOGIC PRODUCTS 
Table 5 

Part No. 
Buffer No. No. 
Type Inputs Outputs 

CY7C401 B 6 6 
CY7C402 B 7 7 
CY7C403 B 7 6 
CY7C404 B 8 7 
CY7C408 B 11 12 
CY7C409 B 11 13 
CY7C51O C - -
CY7C516/517 C - -
CY3341 B 6 6 
CY7C901 C 28/24 10/14 
CY7C909 C 21 5 
CY7C911 C 13 5 
CY7C9101 C - -

Icc (Q) ICC(Max.) 
(mA) (mA) 

25 45 
30 55 
40 80 
42 120 

CINT ICC(Q) ICC(Max.) 
(pF) (mA) (mA) 

53 30 75 
53 30 75 
53 30 75 
53 30 75 
100 42 135 
100 42 135 
60 30 100 
60 30 100 
53 30 45 
160 25 70 
80 25 55 
80 25 55 
70 30 85 

The CY7C901 has four bi-directlonal I/O pms. 

Static RAM Example 
To illustrate how to use the preceding tables and perform 
the required calculations the following example is provided. 
Estimate the typical Icc current for the CY7C169-35 
RAM at room temperature (TA = 25°C) and Vee = 5V. 
Assume the duty cycle is 100% at the specified access time. 
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Static RAM Example (Continued) 

Calculate typical and worst case Icc (all inputs and out­
puts changing) with output loading of 10 pF. 
From the RAM product characteristiC table; 

I/: inputs = 18 

I/: outputs = 4 

CINT = 75 pF 

Icc (Q) = 50 rnA 

TRANSIENT INPUT BUFFER CURRENT 
The input buffers on the CY7C169 are type C, so the aver­
age current is 0.3 rnA. If the input signal level transitions 
are 4V and the transition times are 0.5 V Ins, the transition 
time is: 

4V 
Tt = -_._- = 8 ns. 

0.5 V/ns 

The duty cycle is then; 

8 ns/35 ns = 0.23. 

Therefore, each input buffer draws 

0.3 rnA X 0.23 = 0.069 rnA. 

If all inputs change, the total transient input buffer current 
is 

18 X 0.069 = 1.24 rnA. 

CVf Input Buffer Current 

I = CVf CIN = 5 pF 

I = 0.57 rnA V = 4V 

f = 1/35 ns 

Total = 18 X 0.57 = 10.28 rnA 

Internal CVf Current 

I = CVf CINT = 75 pF 

I = 10.71 rnA V = 5V 

f = 1135 ns 
Output CVf Current 

1= CVf COUT = IOpF 

I = 1.15 rnA V = 4V 

f = 1135 ns 

Total = 4 X 1.15 = 4.6 rnA 

The Quiescent Current is 50 rnA 

The Total Current At TCY = 35 ns is; 
Input Transient 1.24 rnA 
Input CVf 10.28 rnA 
Internal CVf 10.71 rnA 
Output CVf 4.6 rnA 
Quiescent 50 rnA 

Total Icc 76.83 rnA (all inputs/outputs changing) 

Note that the worst case transient current is 26.83 rnA. 

If one-half of the inputs and outputs change this is reduced 
to 13.4 rnA, which gives a total current of 63.4 rnA (typical 
led· 
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If the duty cycle is 10% the transient current is reduced to 
1.34 rnA, which results in a total current of 51.34 rnA. 

Note also that the Input CVf current and the output CVf 
current would have the same values for a bipolar device. 

WORST, WORST, WORST CASE IcC 

Next, let's estimate the Icc for worst case Vee and low 
temperature, in addition to all inputs and outputs changing 
and compare it with the Icc. specified on the data sheet. 

The Icc current will be greater at high Vee, which is 5.5V 
or 1.1 X the nominal 5V Vee. The increase in Icc due to 
the lower temperature is 3%, so the total increase is 13%. 
These factors apply to the· Internal CVf current (10.71 
rnA), the output CVf current (4.6 rnA), and the quiescent 
current (50 rnA), (total 65.31 rnA). 

Total Icc = Input Transient Icc + Input CVf Icc + 

[Internal CVf+ OutputCVf+ Icc (Q)] X 1.13 

Icc = 1.24 + 10.28 + [65.31] X 1.13 = 85.32 rnA. 

This is approximately 95% of the 90 rnA specified on the 
data sheet. 

Note, however, that the data sheet Icc maximum does 
NOT include the output CVf current. 

Typical ICC Versus Frequency 
Characteristic 
The Icc versus frequency curves for all Cypress products 
have the same basic shape, which is illustrated by the 
PAL 16R8 curve of Figure 4. The current remains essen­
tially constant at the quiescent Icc value until the frequen­
cy increases to the point where the capacitances begin to 
cause appreciable currents. This point depends upon the 
capacitances (input, internal, and output), the number of 
inputs and outputs, the rate at which they change, and the 
voltage levels that they are switched between. For Cypress 
products this point is in the 1-10 MHz range. 

The PAL 16R8 devices that were tested to obtain the data 
for the curve were exercised such that all inputs and all 
outputs changed every cycle. Curve A shows the total Icc 
current for a 50 pF load on each of the eight outputs. 
Curve B shows the total Icc current when the outputs are 
disabled. The B curve results from the input and the inter­
nal capacitances. In most applications the actual operation 
of the device will be somewhere between the A and B 
curves. 

The A and B curves may be extrapolated backwards until 
they intersect the quiescent current (point C in Figure 4). 

Point C is approximately 5.6 MHz. This gives the user an 
easy to use approximate formula to calculate the ICC cur­
rent. 

For frequencies less than 5.6 MHz 

Icc = Icc (Q) = 25 rnA 

For frequencies greater than 5.6 MHz 

Icc = Icc (Q) + 3.5 rnA per MHz (all outputs changing) 

or, 
Icc = Icc (Q)+0.5 rnA per MHz (no outputs changing) 
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TRANSIENT INPUT BUFFER CURRENT (Continued) 
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CYPRESS 
SEMICONDUCTOR 

Systems Design Considerations When 
Using Cypress CMOS Circuits 

Introduction 
This document is intended to be a guide for the systems 
designer. Its purpose is to make him aware of the things to 
consider either when designing new systems using Cypress 
high performance CMOS integrated circuits or when Cy­
press products replace either bipolar or NMOS circuits in 
existing systems. The two major areas of concern are trans­
mission line effects due to impedance mismatching between 
the source and load, and device input sensitivity. 

Design for Performance 
In order to achieve maximum performance when using Cy­
press CMOS integrated circuits, the systems designer must 
pay attention to the placement of the components on the 
Printed Circuit Board (PCB), the routing of the metal 
traces that interconnect the components, the layout and 
decoupling of the power distribution system on the PCB 
and, perhaps most important of all, the impedance match­
ing of (some ot) the traces (which, under certain condi­
tions, must be analyzed as transmission lines) between the 
source and the loads. The most critical traces are those of 
clocks, write strobes (on SRAMS), and chip enables. 

Issues of Concern When Cypress ICs Replace 
Either Bipolar or NMOS ICs 
Cypress CMOS ICs have been designed to replace both 
bipolar ICs and NMOS products, and to achieve equal or 
better performance at one-third (or less) the power of the 
components they replace. 

When high performance Cypress CMOS circuits replace 
either bipolar or NMOS circuits in existing sockets, the 
user must be aware of certain conditions, which may be 
present in the existing system, that could cause the Cypress 
ICs to behave in a manner different than expected. These 
conditions fall into two general categories; (1) device input 
sensitivity and, (2) sensitivity to reflected voltages. 

Input Sensitivity 
High performance products, by definition, require less en­
ergy at their inputs in order to change state than low or 
medium performance products. 

Unlike a bipolar transistor, which is a current sensing de­
vice, a MOS transistor is a voltage sensing device. In fact, a 
MOS circuit design parameter called K' is analogous to the 
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gm of a vacuum tube, and is inversely proportional to the 
gate oxide thickness. 

The thin gate oxides, which are required to achieve the 
desired performance, result in highly sensitive inputs that 
require very little energy. High frequency signals that bipo­
lar devices would not respond to may be detected by 
CMOS products. 

MOS transistors also have extremely high (5 to 10 million 
ohm) input impedances, which make their gate inputs anal­
ogous to the input of a high gain amplifier (or an RF anten­
na). In contrast, bipolar ICs have input impedances of 
10000 or less, so they require much more energy to change 
state than MOS ICs. In fact, a Cypress IC requires less 
than 10 picojoules of energy to change state. 

Therefore, when Cypress CMOS ICs replace either bipolar 
or NMOS ICs in existing systems, they may respond to 
pulses of energy that are present in the system that are not 
detected by the bipolar or NMOS products. 

Reflected Voltages 
Cypress CMOS ICs have very high input impedances and, 
to achieve TTL compatibility and to drive capacitive loads, 
low output impedances. The impedance mismatch, due to 
low impedance outputs driving high impedance inputs 
may, under certain conditions, cause unwanted voltage re­
flections and ringing, which could result in less than opti­
mum system operation. 

When the impedance mismatch is very large, a nearly equal 
and opposite negative pulse is reflected back from the load 
to the source when the (electrical) length of the line (PCB 
trace) is greater than 

t = TR (ns) 
2 Tpd (ns/ft.) 

where TR is the rise time of the signal at the source and 
TpD is the one-way propagation delay of the line per unit 
length. 

The input clamping diodes that bipolar logic "IC families" 
(e.g., TTL, LS, ALS, FAST) all have are inherent in the 
fabrication process. The p-substrate is usually grounded 
and n wells are used for the NPN transistors and p type 
resistors. The wells are reverse biased by connecting them 
to the Vee supply. As a result, a PN junction diode is 
formed between every input pin (cathode or n material) 
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Introduction (Continued) 

and the substrate (anode or p-material). When a negative 
voltage occurs at an input pin, either due to lead induc­
tance or to a voltage reflection, the diode is forward biased, 
turns on, and clamps the input pin to a Vf below ground 
(approximately -O.SV). 

As circuit performance improved, the output rise and fall 
times of the bipolar circuits decreased to the point where 
voltage reflections began to occur (even for short traces) 
when there was an impedance mismatch between the line 
and the load. Most users, however, were unaware of these 
reflections because they were suppressed by the clamping 
action of the diodes. 

Conventional CMOS processing results in PN junction di­
odes. However, they adversely affect the ESD (Electrostat­
ic Discharge) protection circuitry at each input pin and 
cause an increased susceptibility to latchup. To eliminate 
this, a substrate bias generator is used. 

Voltage reflections should be eliminated by using imped­
ance matching techniques and crosstalk should be reduced 
by careful PCB layout. 

Crosstalk 
The rise and fall times of the waveforms generated by the 
output circuits are 2 to 4 ns between levels of O.4V and 4V. 
The fast transition times and the large voltage swings could 
cause capacitive and inductive coupling (crosstalk) between 
signals if insufficient attention is paid to PCB layout. 
Crosstalk is reduced by avoiding running PCB traces paral­
lel to each other. If this is not possible, ground traces 
should be run between signal traces. In synchronous sys­
tems, the worst time for the crosstalk to occur is during the 
clock edge with which the data is sampled. In most systems 
it is sufficient to isolate the clock and other data strobe 
lines so that they do not cause coupling to the data lines. 

The Theory of Transmission Lines 
A connection ( trace) on a PCB should be considered as a 
transmission line if the wavelength of the applied frequency 
is short compared to the line length. If the wavelength of 
the applied frequency is long compared to the length of the 
line, conventional circuit analysis can be used. 

In practice, transmission lines on PCBs are designed to be 
as nearly lossless as possible. As a result, the mathematics 
required for their analysis, compared to a lossy (resistive) 
line can be simplified. 

Ideally, all signals between ICs travel over constant-imped­
ance transmission lines that are terminated in their charac-

teristic impedances at the load. In practice this ideal situa­
tion is seldom achieved for a variety of reasons. 

Perhaps the most basic reason is that the characteristic 
impedances of all real transmission lines are not constants, 
but present different impedances depending upon the fre­
quency of the applied signal. For "classical" transmission 
lines driven by a single frequency signal source the charac­
teristic impedance is "more constant" than when the trans­
mission line is driven by a square wave or a pulse. 

A square wave is composed of an infinite set (Fourier series 
expansion) of discrete frequency components, i.e., funda­
mental plus odd harmonics of decreasing amplitUdes. 
When the square wave is propagated down a transmission 
line the higher frequencies are attenuated more than the 
lower frequencies and, due to dispersion, all of the frequen­
cies do not travel at the same speed. 

Dispersion indicates the dependance of phase velocity upon 
the applied frequency. (Ref. 1, pg. 192). The result is that 
the square wave is distorted when all of the frequency com­
ponents are added together at the load. 

A secondary reason why practical transmission lines are 
not ideal is that they frequently (of necessity) have multiple 
loads. The loads may be distributed along the line at regu­
lar (or irregular) intervals or they may be lumped together 
(as close as practical) at the end of the line. The signal-line 
reflections and ringing caused by impedance mismatches, 
nonuniform transmission line impedances, inductive leads, 
and non-ideal resistors could compromise the dynamic sys­
tem noise margins and cause inadvertent switching. 

One of the system design objectives is to analyze the crit­
ical signal paths and design the interconnections such that 
adequate system noise margins are maintained. There will 
always be signal overshoot and undershoot. The objective 
is to accurately predict them and to keep them within ac­
ceptable limits. 

The Ideal (Lossless) Transmission Line 
An equivalent circuit for a transmission line is presented in 
Figure 2.1. It consists of subsections of series resistance (R) 
and inductance (L) and parallel capacitance (C) and shunt 
admittance (G) (or parallel resistance, Rp). For clarity and 
consistency these parameters will be defined per unit 
length. The value of the parameter (R, L, C, Rp) must be 
multiplied by the length of the subsection, t, to find the 
total value. The line is assumed to be infinitely long. 

If the line of Figure 2.1 is assumed to lossless (R = 0, Rp 
= infinity) Figure 2.1 is reduced to Figure 2.2. 

1------- t -----+------- t -----I 
tL tR tL 

Figure 2.1. Transmission Line Model 
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Figure 2.2. Ideal Transmission Line Model 

Input or Characteristic Impedance 
We shall now calculate the characteristic impedance (AC 
impedance or surge impedance) looking into terminals a-b 
of Figure 2.2. 

Let the input impedance looking into terminals a-b be ZI, 
that looking into terminals c-d be Z2, that looking into 
terminals e-f be Z3, etc. The input impedance, ZI, looking 
into terminals a-b is the series impedance of the first induc­
tor (f L) in series with the parallel combination of Z2 and 
the impedance of the capacitor (t C). 

From AC theory: 

XL = jwt L 

Where XL is the inductive reactance. 

1 
XC=-­

jwtc 

Where XC is the capacitive reactance. 

Then 
Z2XC 

ZI = XL + --­
Z2 + XC 

(2-1) 

If the line is "reasonably" long ZI = Z2 = Z3. Substitut­
ing ZI = Z2 into equation 2-1 yields; 

ZIXC 
ZI =XL+---

ZI + XC 

Or, z}2 - ZI XL - XC XL = 0 (2-2) 

Substituting the expressions for XC and XL yields; 

L 
z}2 - jwt L = - (2-3) 

C 

Equation 2-3 contains a complex component that is fre­
quency dependent. It can be eliminated by allowing t to 
become very small and by recognizing that the ratio L/C is 
constant and independent of t or w. 

ZI = # (2-4) 

The AC input impedance of a purely reactive, uniform, 
lossless line is a resistance. This is true for AC or DC 
excitation. 

Propagation Velocity and Propagation Delay 
The propagation velocity (or phase velocity) of a sinusoid 
traveling on an ideal line (Ref. 1, pg. 33) is: 

1 
a = M' 
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The propagation delay for a lossless line is the reciprocal of 
the propagation velocity. 

T pd = JLC (2-5) 

= ZIC 

where Land C are the intrinsic line inductance and capaci­
tance per unit length. 

If additional stubs or loads are added to the line the propa­
gation delay will increase by the factor (Ref. 2, pg. 129). 

~1+~. 
Where CD = load capacitance. 

Therefore, the propagation delay, TpD', of a loaded line is: 

r.cn 
TpD' = TPD\jl + C· (2-6) 

The characteristic impedance of a capacitively loaded line 
is decreased by the same factor that the propagation delay 
is increased. 

ZI 
ZI' = ----:===-

~1+~ (2-7) 

Reflection Coefficients 
The third attribute of the ideal transmission line; reflection 
coefficients, are not actually a line characteristic. The line 
is treated as a circuit component (which it is) and reflection 
coefficients are defined that measure the impedance mis­
matches between the line and its source and the line and its 
load. The reason for defining the reflection coefficients will 
become apparent later when it will be shown that if the 
impedance mismatch is sufficiently large, either a negative 
voltage or a positive voltage may be reflected back from the 
load to the source, where it may either add to or subtract 
from the original signal. If the impedance of the source is 
mismatched to the line impedance it may also cause a volt­
age reflection, which in turn will be reflected back to the 
load. Therefore, two reflection coefficients will be defined. 

For classical transmission lines driven by a single frequen­
cy source the impedance mismatches cause standing waves. 
When pulses are transmitted and the output impedance of 
the source changes depending upon whether a LOW to 
HIGH or a HIGH to LOW transition occurs, the analysis 
is further complicated. Classical transmission analysis, 



~PRKSS 
.nEMICONDUcrOR 

Systems Design Considerations When Using Cypress CMOS Circuits 

The Theory of Transmission Lines (Continued) 

where pulses are represented by complex variables with 
exponentials, could be used to calculate the voltages at the 
source and the load after several back and forth reflections. 
However, these complex equations tend to obscure what is 
physically happening. 

Energy Considerations 
Consider next, driving the ideal transmission line from a 
source capable of generating digital pulses and analyze the 
behavior of the line under various driving and loading con­
ditions. 

The circuit to be analyzed is illustrated in Figure 2.3. The 
ideal transmission line of length f is being driven by a 
digital source of internal resistance Rs and loaded with a 
resistive load of RL. The characteristic J!N?edance of the 
line appears as a pure resistance, Zo = ~L/C to any excita­
tion. 

The ideal case is when RS = Zo = RL. The maximum 
energy transfer from source to load occurs under this con­
dition, and there are no reflections. One half the energy is 
dissipated in the source resistance, Rs, and the other half is 
dissipated in the load resistance, RL, (the line is lossless). 

If the load resistor is greater (larger) than the characteristic 
impedance of the line there will be extra energy available at 
the load, which will be reflected back to the source. This is 
called the underdamped condition, because the load under­
uses the energy available. If the load resistor is smaller than 
the line impedance the load will attempt to dissipate more 
energy than is available. Since this is not possible, a reflec­
tion will occur that is a signal to the source to send more 
energy. This is called the overdamped condition. Both of 
these cases will cause negative traveling waves, which 
would cause standing waves if the excitation were sinusoi­
dal. The condition Zo = RL is called critically damped. 

It should be intuitively obvious to the reader that the "saf­
est" termination condition, from a systems design view­
point, is the slightly overdamped condition. No energy is 
reflected back to the source. 

Derivation of the Line Voltage for Step 
Function Excitation 
The procedure is to apply a step function to the ideal line 
and to analyze the behavior of the line under various load­
ing conditions. The following section will analyze pulses, 
reflections from various terminations, and the effects of rise 
times on the waveforms. 

The step function response is important because any pulse 
can be represented by the superposition of a positive step 
function and a negative step function, delayed in time with 
respect to each other. By proper superposition the response 
of any line and load to any width pulse can be predicted. 
The principle of superposition applies to all linear systems. 

According to theory, the risetime of the signal driven by 
the source is not affected by the characteristics of the line. 
This has been substantiated in practice by using a special 
coaxially constructed reed delay that delivered a pulse of 
18 amperes into 50.0 with a risetime of 0.070 ns (70 ps). 
(Ref. 1, pg. 162). 
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The equation representing the voltage waveform going 
down the line (Figure 2.3) as a function of distance and 
time is: 

VL(X, t) = VA(t) U(t - X tpd) for t < To (2-8) 

Where: VA(t) = Vs(t) ( zo) (2-9) 
Zo + RS 

V A = the voltage at point A 

X = the voltage at a point X on the line 

f = the total line length 

tpd = the propagation delay of the line in ns/ft. 

TO = f tpd, or the one-way line propagation delay 

U(t) = a unit step function occurring at X = 0, and 

Vs(t) = the source voltage 

When the incident voltage reaches the end of the line a 
reflected voltage, VL', will occur if RL is not equal to ZOo 
The reflection coefficient at the load, pL, can be obtained 
by applying Ohm's Law. 

The voltage at the load is VL + VL', which must be equal 
to (IL + IL')RL. But IL = VL/Zo and IL' = - VL' /ZO 
(the minus sign is due to IL being negative. i.e., it is oppo­
site to the current due to VL.) 

Therefore, 

VB = VL + VL' = (VL _ VL') RL 
Zo Zo 

(2-10) 

By definition: 

reflected voltage VL' 
pL = 

incident voltage VL 

Solving for VL' /VL in equation 2-10 and substituting in 
the equation for pL yields: 

RL - Zo 
pL - (2-11) 

RL + Zo 

The reflection coefficient at the source is: 

Rs - Zo 
pS -

RL + Zo 

Re-arranging equation 2-10 yields: 

(2-12) 

( 
VL') VB = VL + VL' = 1 + VL VL = (1 + pL)VL (2-13) 

Equation 2-13 describes the voltage at the load (VB) as the 
sum of an incident voltage (VL) and a reflected voltage (pL 
VL) at time t = To. When RL = Zo no voltage is reflect­
ed. When RL < Zo the reflection coefficient at the load is 
negative, so the reflected voltage subtracts from the inci­
dent voltage, giving the load voltage. When RL > Zo the 
reflection coefficient is positive, so the reflected voltage 
adds to the incident voltage, again giving the load voltage. 
Note that the reflected voltage at the load has been defined 
as positive when traveling toward the source. This means 
that the corresponding current must be negative, subtract­
ing from the current driven by the source, which it does. 

This "piecewise" analysis is cumbersome and can be tedi­
ous. However, it does provide an insight into what is physi-

IE 
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cally happening and demonstrates that a complex problem 
can be solved by dividing it into a series of simpler prob­
lems. Also, the mathematics are simple if the exponentials, 
which provide phase information in the classical transmis­
sion line equations, are eliminated. One must provide the 
"bookkeeping" to combine the reflections at the proper 
time. This is quite straightforward, since a pulse travels 
with a constant velocity along an ideal or low loss line and 
the time delay between reflected pulses can be predicted. 

The rules to keep in mind are that at any point and instant 
of time the voltage or the current is the algebraic sum of 
the waves traveling in the positive X and the negative X 
directions. For example, two voltage waves of the same 
polarity and equal amplitudes, traveling in opposite direc­
tions, at a given point and time will add together to yield a 
voltage of twice the amplitude of the individual wave. The 
same reasoning applies to points of termination and discon­
tinuities on the line. The total voltage or current is the 
algebraic sum of all of the incident and reflected waves. 
Polarities must be observed. A positive voltage reflection 
results in a negative current reflection and vice versa. 

Before considering reflections at the source, due to imped­
ance mismatches between the source impedance and the 
line impedance, the behavior of the ideal line with various 
loads will be analyzed when it is driven by a step function. 

~ 

2 
SOURCE 

Zo 

LINE 

Step Function Response of the Ideal Line for 
Various Loads 
The voltage and current waveforms at point A (line input, 
Figure 2.3) and point B (the load) for various loads are 
presented in Table 1. They have been reproduced from Ta­
ble 5.1, pages 158, 159 of Reference 1. Note that RS = Zo 
and that VA at t = 0 is equal to Vs/2, which means that 
there is no impedance mismatch between the source and 
the line, so there will be no reflection from the source at 
t = 2 To. 

To is the one way propation of the line. 

The time domain response of the reactive loads are ob­
tained by applying a step function to the LaPlace transform 
of the load and then taking the inverse transform. 

Note that the reflection coefficient at the load is not the 
total reflection coefficient (a complex number) but repre­
sents only the real part of the load. The reason for doing 
this is to eliminate the complex Owt) terms because we are 
performing the bookkeeping involving the phase relation­
ships, which are performed by them in classical transmis­
sion line analysis. 

Also note that for the open circuit condition, Table 1 (b), 
ZL = infinity, so that pL = + 1. The voltage is reflected 
back from the load to the source (at amplitude Vo = 
V s/2), so that at time = 2 To it adds to the original volt­
age, V 0 = V s/2 to give a value of 2 V 0 = V s. During the 
time the voltage wave is traveling down to and back from 
the load a current of 10 = V O/ZO = V S/2 Zo exists. This 
current charges up the distributed line capacitance to the 
value Vs, at which time it stops. 

r;-

~ 

'I B 

l~~-x) RL 

LOAD 

Direction of Travel 
VA,IA -+ +X 
VB, IB +- -X 

0099-3 

Figure 2.3. Ideal Transmission Line Loaded and Driven 
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Table 1. Step Function Response of Figure 2.3 for Various Terminations 

VA = VS/2, 10 = VO/ZO, To = t,fLC, pL = (RL - ZO)/(RL + ZO) 

Termination 

v 

(0) SHORT CIRCUIT VA h 
Input waveforms 

Vin, iin 

ALWAYS =0 

Output waveforms 
v f, if 

-~-----------, t Izt=o -"",---2T'"0-------- I 

o----l "0 ~ ----,
21

0 t _____ I __ _ 
v 2TO v To 

2VVAA ~ t Ir----(b~RCUIT c= . t _ .. 1_ ... _________ . t 
Zt== i 2TO 1 To 

10 b _...It_A_L_W_AY_S_=_O ______ • t 
0----

v 2~ v 

(c) SMALL RESISTOR V t--- v 2Rt -v Rt t 
~ A ~----- A ~: SRe+ZOu_-_-... l ___________ . t 

o---l~<" • b-==nu- ';:0 n_-_-..,jt_"'-_______ _ 
R v 

(d) LARGE RESISTOR VA t---:=-----Vs Rt+~O :(1 +PL)V AU_-_-.. t __________ _ 
:J~"o , 2TO , To 

10 C==:----- Rt~~O -----~ ,....-------
- ·t -

0099-10 

(8) SERIES RESISTANCE AND 
INDUCTANCE: Zt = R+ jm-L 

JTve 
R TvR 

(f) PARALLEL RESISTANCE AND 
INDUCTANCE 

:11" 
(g) SERIES RESISTANCE AND 

CAPACITANCE 

(h) PARALLEL RESISTANCE AND 
CAPACITANCE 

L r=--
R+Zo 

RZOC 
r=-­

R+Zo 

V R 
S R+Zo t 
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VB 

_2V_A .... t-_-..... ~ _ _= ___ -_. t 

To 

VR VSR+
R

Z 
VA(l+PL) 

~t~~ __ o_.t 

v 

t 

To 

tHo 
~e-r-) 

2"1'- -7------
--...I--~-------~---------.. t 

V To 

0099-11 
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The waveforms at the source and load for (g) and (h) are of 
particular interest because (g) represents a series RC termi­
nation that dissipates no DC power and can be used to 
terminate a transmission line in its characteristic imped­
ance at the input to a Cypress Ie. The equivalent circuit of 
the input to a Cypress IC is represented by (h). The addi­
tion of (g) and (h) then models a Cypress IC driven by a 
transmission line terminated in its characteristic impedance 
when the values of Rand C are properly chosen. 

Reflections Due to Discontinuities 
Table 2 illustrates three types of common discontinuities 
found on transmission lines. When a discontinuity occurs 
at a point on the line it causes a reflection and some energy 
is directed back to the source. The amount of energy re-
flected back is determined by the reflection coefficient at 
that point. Discontinuities are usually small (by design), so 
most of the energy is transmitted to the load. 

Pulse Response of the Ideal 
Transmission Line 
Consider next the behavior of the ideal transmission line 
when driven by a pulse whose width is short compared to 
the electrical length of the line. In other words, when the 
width of the pulse is less than the one-way propagation 
delay time, TO, of the line. 

The voltage waveforms at point A (line input, Figure 2.3) 
and point B (the load) for various loads are presented in 
Table 3. They have been reproduced from Table 5.2, pages 
160, 161 of Reference 1. Note that Rs = Zo and that VA 
at t = 0 is equal to V s/2, which means that there is no 
impedance mismatch between the source and the line, so 
there will be no reflection from the source at t = 2 To. 

Table 2. Reflections from Discontinuities with an Applied Step Function 
Discontinuity 
(a) Series Inductance 

L' 

VI'O Izo 

t=.~ t~ 
0099-12 

(b) Shunt Capacitance 

V" I Ie Izo 
~t'--l 

0099-13 

(c) Series Resistance 

R 

V" I 
VtA 

Izo ! 
I 

~t'~ 
0099-14 
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Voltage Seen at input End: V A = V s/2 also, Rs = Zo 

2VA ----------

t' 
2TOT 

VA 1-----__ 

t' 2TO
T 

Vln 

VA 
I 

I 

t' 
2TOT 

(R+Zo) 
2VA R+ 2Zo 

0099-15 

0099-16 

0099-17 
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Table 3. Pulse Response of Figure 2·3 for Various Terminations 

VA = V s/2, To = t..j[C, pv = (RL - Zo)/(RL + Zo) 

Termination Input waveform Yin Output waveform VB 

Vln 

(5CI~IT "h n, 

Zt=O -v-Aof-[-__ --"_-_-_-_ 'l""0----r-----· t 

(b) OPEN CIRCUIT 

0---

0---

(c) SMALL RESISTOR 

Vln 
(d) LARGE RESISTOR VA h 
~Rt>ZO _ n- PLVA 

o---l ZTO 

Vln 

• t 

(9) SERIES RESISTANCE AND h 
INDUcrt.NCE _ 

JTvt ___ VA --zP'---+-=o Q--t-VA_ 

L I· V
ln 

INDUCTANCE P V 

l' "-WM'=' 

VB 

(l+PL) VAt n 
To 

VB 

("'0"[ 0 
VB 

ZVA 

VB 

VA (1 +PL) 
(f) PARALLEL RESISTANCE AND h 
:ilL Tvt _V~A~_T~IA~~~ ____ _ 

ZTO ......... 
• t 

Vln VB 

--I (l+PL)VA 

(l+PL)VA 

(g) SERIES RESISTANCE AND 
CAPACITANCE 

"h • t 

"("t fl---)'" 
(h) PARALLEL RESISTANCE AND 

CAPACITANCE 

ZTo 
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To 

VB 
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Finite Rise Time Effects 
Now consider the effects of step functions with finite rise 
times driving the ideal transmission line. 

If TR is sufficiently fast, the voltage at the load will change 
in discrete steps. The amplitude of the steps is determined 
by the impedance mismatch and the width of the steps is 
determined by the two-way propagation delay of the line. 

As the risetime becomes slower and the line shorter (small­
er To), or both, the result converges to the familiar RC 
time constant, where C is the static capacitance. All devic­
es should be treated as transmission lines for transient anal­
ysis when an ideal step function is applied. However, as the 
rise time becomes larger (slower) and the traces shorter (or 
both) the transmission line analysis reduces to conventional 
AC circuit analysis. 

Reflections from Small Discontinuities 
Table 4 shows a pulse with a linear rise time and rounded 
edges driving the transmission line of Table 2 (a), (b). The 
expressions for V r are derived on pages 171 and 172 of 
Reference 1. The reflection caused by the small series in­
ductance is useful for calculating the value of the inductor, 
L', but little else. 

Table 4. Reflections from Small Discontinuities with 
Finite Rise Time Pulse 

(a) Applied Pulse from Generator 

(b) Reflection from Small Series Inductor L' 

t' 
2To/ 

(c) Reflection from Small Shunt Capacitor C' 

0099-20 

Vr:::::...!::...~ 
~......Io. __ 2Zo TR 

0099-21 

0099-22 
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The reflection caused by the small shunt capacitor is more 
interesting because if it is sufficiently large it could cause a 
device connected to the transmission line to see a logic 
ZERO instead of a logic ONE. 

The Effect of Rise Time on Waveforms 
Next, consider the ideal line terminated in a resistance less 
than its characteristic impedance and driven by a step func­
tion with a linear rise time. The stimulus, the circuit, and 
the response are illustrated in Figures 4.1 (a), (b) and (c), 
respectively. Once again, note that the source resistance is 
equal to the line characteristic impedance, so there are no 
reflections from the source. 

APPLIED STEP FUNCTION 

0099-23 

(a) 

Zo 

F i v. 
Zo "<~~ 

0099-24 

(b) 

c_T~-=-1 ________________ _ 
I I I REFLECTED WAVE 
I I + I ~ __________ ~ __ _ 

1 Vs -Re-:tz-o 

L-----~~--------------------___ t 
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(c) 
Figure 4.1. Effect of Rise Time on Step Response of 

Mismatched Line with R t < Zo 

The resulting waveforms are similar to those of Table 1 (c) 
as modified as shown in Figure 4.1 (c). The final value of 
the waveform must be the same as before (Table 1 (c». 

The resultant wave at the line input (Vin) is easily obtained 
by superposition of the applied wave and the reflected wave 
at the proper time. In Figure 4.1 the rise time of the step 
function is less than the (two-way) propagation delay of the 
line so the input wave reaches its final value, V s/2. At t = 
2 To the reflected wave arrives back at the source and 
subtracts from the applied step function. 

The cases where the step function rise time is equal to twice 
the propagation delay and greater than the propagation 
delay are illustrated in Figure 4.2 (a) and (b), respectively. 
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REFLECTED WAVE 

0099-28 

4T 
(a) 

0099-26 Vln 

(a)TR = 2 To 

I I 

I I I 

~TR~ 
I • 

I 

(b)TR> 2 To 

REFLECTED WAVE 
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Figure 4.2. Effects of Rise Time on Step Response for 
Rf < Zo:(a)TR = 2 TO; (b)TR > 2To 

Multiple Reflections and Effective Time 
Constant 
We will now consider the case of an ideal transmission line 
with multiple reflections causes by improper terminations 
at both ends of the line. The circuit and waveforms are 
illustrated in Figure 4.3. The reflection coefficients at the 
source and the load are both negative. i.e., the source resist­
ance and the load resistance are both less than the line 
characteristic impedance. Refer to equations 2-11 and 2-12. 

When the switch is initially closed, a step function of am-
VsZo 

plitude Va = Vin = appears on the line and 
Rs + Zo 

travels toward the load. A one-way propagation delay time 
later, To, the wave is reflected back with an amplitude of 
pL Va. 

This first reflected wave then travels back to the source and 
at time t = 2 TO it reaches the input end of the line. At 
this time the first reflection at the source occurs and a wave 
of amplitude pS (pL Va) is reflected back to the load. At 
time t = 3 TO this wave is again reflected from the load 
back to the source with amplitude pL pS (pL Va) = pS 
pL2 Va. This back and forth reflection process continues 
until the amplitudes of the reflections become so small that 
they cannot be observed, at which time the circuit is said to 
be in a quiescent state. 

Effective Time Constant 
From an examination of Figure 4.3 it is reasonable that if 
the voltage reflections occur in small increments that are of 
short durations the resultant waveform will approximate 
an exponential function, as indicated by the dashed line in 
Figure 4.3 (b). The smaller and narrower the steps become, 
the more closely the waveform will approach an exponen­
tial. 
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(b) 

0099-30 

(c) 

', .. ,"'[ ~T>~' 
To 3To 5To 7To 

0099-31 

(d) 
Figure 4.3. Step Function Applied to Line 

Mismatched on both ends; waveforms shown for 
negative values of Ps and pt. 

The mathematical derivation is presented on pages 178 and 
179 of Reference 1. The time constant is shown to be: 

2To 
K=-----

1 - pS pL 
(4-1) 

So that the resultant waveform can be approximated by; 

V(t) = Va E (i:) (4-2) 

In order for equation 4-2 to be accurate pL and ps must be 
reasonably large (approaching ± 1) so that the incremental 
steps are small. The product pS pL is a positive number, 
less than one, so the time constant is a negative number, 
which indicates that the exponential decreases with time. 
This is usually the case in transient circuits. 

Both reflection coefficients must also have the same sign in 
order to yield a continually decreasing (or increasing) 
waveform. Opposite signs will give oscillatory behavior 
that cannot be represented by an exponential function. 
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The Transition from Transmission Line to 
Circuit Analysis 
When a transmission line is terminated in its characteristic 
impedance it behaves like a resistor and it usually does not 
matter if transmission line or circuit analysis is used; pro­
vided that the propagation delays are taken into account. 

Consider the case of a short-circuited transmission line 
driven by a step function with a source impedance unequal 
to the characteristic line impedance. The general case is 
shown in Figure 4.3 (a). For RL = 0 the reflection coeffi­
cients are; 

Zs - Zo 
pS = pL = -1. 

Zs + Zo 
The approximate time constant is; 

-k = 2 TO = 2 TO = To (Zs + Zo) or 
1 - pS pL 1 + pS Zs 

TOZO 
-k = TO + -- (4-3) 

Zs 

Recall that To = t ~ (one-way delay) 

and Zo = ~, where t is the physical length of the line 

and Land C are the per-unit-Iength parameters. 

Substitution of these into equation 4-3 yields 

L 
-k = To + t-. 

Zs 

It is necessary to have Zs smaller than Zoo 

Thus the reflection coefficients have the same sign in order 
to give exponential behavior. Opposite signs give oscillato­
ry behavior. 

If Zs « Zo, the exponential approximation becomes more 
accurate. If Zs is very small compared to Zo, then To is 
negligible compared to t L/Zo, so that equation 4-5 re­
duces to; 

L 
k = - t -. 

Zs 

But t L is the total loop inductance and Zs is the total 
series impedance of the circuit. The time constant is then; 

L' 
k=-. 

RS 

This is the same time constant that would have been ob­
tained by a circuit analysis approach if the line were con­
sidered a series combination of L' and RS. 

By open-circuiting the line and performing a similar analy­
sis it can be shown that a RC time constant results. 
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Types of Transmission Lines 
The types of transmission lines are: 

Coaxial cable 
Twisted pair 
Wire over ground 
Microstrip lines 
Strip lines 

Coaxial Cable 
Coaxial cable offers many advantages for distributing high 
frequency signals. The well defined and uniform character­
istic impedance permits easy matching. The ground shield 
on the cable reduces crosstalk and the low attenuation at 
high frequencies make it ideal for transmitting the fast rise 
and fall time signals generated by Cypress CMOS integrat­
ed circuits. However, because of its high cost, coaxial cable 
is usually restricted to applications where there are no oth­
er alternatives. These are usually clock distribution lines on 
PCBs or backplanes. 

Characteristic Impedance 
Coaxial cables have characteristic impedances of 50, 75, 93, 
or 150 ohms. Special cables can be made with other imped­
ances, but these are the most common. 

Propagation Delay 
The propagation delay is very low. It may be computed 
using the formula; 

Tpd = 1.017 fe;ns/ft. (5-1) 

where er is the relative dielectric constant and depends 
upon the dielectric material used. Forsolid teflon and poly­
ethylene it is 2.3. The propagation delay is 1.54 ns per foot. 
For maximum propagation velocity, coaxial cables with di­
electric styrofoam or polystyrene beads in air may be used. 
Many of these cables have high characteristic impedances 
and are slowed considerably when capacitively loaded. 

Twisted Pair 
Twisted pairs can be made from standard wire (A WG 24-
28) twisted about 30 turns per foot. Typical characteristic 
impedance is 11On. Because the propagation delay is di­
rectly proportional to the characteristic impedance (equa­
tion 2-5) the propagation delay will be approximately twice 
that of coaxial cable. Twisted pairs are used for backplane 
wiring and for breadboarding. 

Wire Over Ground 
Figure 5.1 shows a wire over ground. The wire over ground 
is used for breadboarding and for backplane wiring. The 
characteristic impedance is approximately 120n and may 
vary as much as ±40%, depending upon the distance from 
the groundplane, the proximity of other wires, and the con­
figuration of the ground. 

\0 1 
HL ~ 

IIZZIZZIZZIZIZIZIZIZZ! GROUND 

0099-32 

Zo = ~ In (~), re; d 

Figure 5.1. Wire Over Ground 
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Microstrip Lines 
A microstrip line (Figure 5.2) is a strip conductor (signal 
line) on a PCB separated from a ground plane by a dielec­
tric. If the thickness and width of the line, and the distance 
from the ground plane are controlled, the characteristic 
impedance of the line can be predicted with a tolerance of 
±S%. 

where: 

l ---1 w r-
--L...

t
----

T 

t :::: 0.0015" for I oz. Cu, 
0.003" for 2 oz. Cu. 

0099-33 

Z 87 In ( 5.98H ) 
0= Jer + 1.41 0.8w + t ' 

er = relative dielectric constant of the board material (about 5 
for G-IO fiber-glass epoxy boards), 

w, h, t, = dimensions indicated. 
Figure 5.2. Microstrip Line 

The formula of Figure 5.2 has proven to be very accurate 
for ratios of width to height between 0.1 and 3.0 and for 
dielectric constants between 1 and IS. 

The inductance per foot for microstrip lines is; 

L = Z02 Co (S-2) 

where Zo = characteristic impedance, 

Co = capacitance per foot. 

The propagation delay of a microstrip line is; 

T pd = 1.017 ~O.4S er + 0.67 ns per foot (S-3) 

Note that the propagation delay is dependent only upon 
the dielectric constant and is not a function of the line 
width or spacing. For G-1O fiber-glass epoxy PCBs (dielec­
tric constant of 5) the propagation delay is 1.74 ns per foot. 

Strip Line 
A strip line consists of a copper strip centered in a dielec­
tric between two conducting planes (Figure 5.3). If the 
thickness and width of the line, the dielectric constant, and 
the distance between ground planes are all controlled, the 
tolerance of the characteristic impedance will be within 
± S%. The equation of Figure 5.3 is accurate for W I(b-t) 
< 0.3S and tlb < 0.2S. 

---I- STRIP LINE 

"""~~"""''''''''''''''''''''''~_''''''''' -GROUND PLANE 
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ZO=~ln( 4b ) 
re; 0.67 'TrW ( 0.8 + .;) 

Figure 5.3. Stripline 
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The inductance per foot is given by the formula; 

Lo = Zo2Co· 

The propagation delay of the line is given by the formula; 

Tpd = 1.017 Fe; ns perfoot. (S-4) 

For G-1O fiber-glass epoxy boards the propagation delay is 
2.27 ns per foot. The propagation delay is not a function of 
line width or spacing. 

Power Distribution 
Instantaneous Current 
In order to realize the fast rise and fall times that Cypress 
CMOS integrated circuits are capable of achieving, the 
power distribution system must be capable of supplying the 
instantaneous current required when the device outputs 
switch from LOW to HIGH. 
The energy is stored as charge on the local decoupling ca­
pacitors. It is standard practice to use one decoupling ca­
pacitor for each IC that drives a transmission line and to 
use one for every three devices that do not. 
The value of the decoupling capacitor is determined by 
estimating the instantaneous current required when all the 
outputs of the IC switch from LOW to HIGH, assuming a 
reasonable "droop" of the voltage on the capacitor. 

Calculations 
The charge stored on the local decoupling capacitor of Fig­
ure 6.1 is Q = C V. Differentiating yields; 

. dQ dV 
1(t) = dt = C dt' (6-1) 

The characteristic impedance of a typical transmission line 
is son. Heavily (capacitively) loaded lines will have lower 
characteristic impedances (equation 2-7). 

vee BUS 
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Figure 6.1. Local Decoupling Capacitor 

Next, assume that the IC is an eight output PROM, such 
as the CY7C24S or the CY7C261. The outputs will reach 
Vcc -Vt = SV-1V = 4V. Each output will then require 
4V ISO = 8 mA. Since there are eight outputs a total of 64 
mA will be required. 

Solving equation 6-1 for C yields; 

dt 
C = 1-. (6-2) 

dV 
The signal rise and fall times are 2 to 4 ns so we will use dt 
= 3 ns. 
The last step is to assume a reasonable, tolerable droop in 
the capacitor voltage. Assume dV = 100 mY. 
Therefore, substituting these values in equation 6-2 yields; 

64 X 10- 3 X 3 X 10-9 
C = 100 X 10-3 = 0.192 X 10-9 = 192pF. 

It is standard practice to use 0.01 to 0.1 p.F decoupling 
capacitors. A 0.01 ""F capacitor is capable of supplying 330 
mA under the preceding conditions. 
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Power Distribution (Continued) 

Decoupling capacitors for high speed Cypress CMOS cir­
cuits should be of the high K ceramic type with a low ESR 
(Equivalent Series Resistance). Capacitors using 5 ZU di­
electric are a good choice. 

Low Frequency Filter Capacitors 
A solid tantalum capacitor of 10 JLF is recommended for 
each 50 to 100 ICs to reduce power supply ripple. This 
capacitor should be as close as possible to where the Vee 
and ground enter the PCB or module. 

When Should Transmission Lines Be 
Terminated? 
Transmission lines should be terminated when they are 
long. From the preceding analysis it should be apparent 
that 

Tr 
Long Line> -- . 

2Tpd 

Where T pd is the propagation delay per unit length. 

For Cypress products the rise time, T To is typically two 
nanoseconds. 

The propagation delay per unit length has been shown to 
be as small as 1.7 ns per foot. 

2 ns 
Long Line> = 0.59 ft. or 7 inches. 

2 X 1.7 ns/ft. 

Not all lines exceeding 7 inches will need to be terminated. 
Terminations are usually only required on clock inputs, 
write and read strobe lines on SRAMs, and chip select or 
output enable lines on RAMs, PROMs, and PLDs. Ad­
dress lines and data lines on RAMs and PROMs usually 
have time to settle. 

In the case where multiple loads are connected to a trans­
mission line, only one termination circuit is required. The 
termination network should be located at the load that is 
electrically the longest distance from the source. This is 
usually the load that is the longest physical distance from 
the source. 

Types of Terminations 
There are three basic types of terminations. They are called 
series damping, parallel, and pullup/pulldown. Each has 
their advantages and disadvantages. 

Except for series damping, the termination network should 
be attached to the input (load) that is electrically furthest 
away from the source. Component leads should be as short 
as possible in order to prevent reflections due to lead induc­
tance. 

Series Damping 
Series damping is accomplished by inserting a small resis­
tor (typically Ion to 75n) in series with the transmission 
line, as close to the source as possible, as illustrated in 
Figure 8.1. Series damping is a special case of damping in 
which the series resistor value plus the circuit output im­
pedance is equal to the transmission line impedance. The 
strategy is to prevent the wave that is reflected back from 
the load from reflecting back from the source by making 
the source reflection coefficient equal to zero. 
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The channel resistance (ON resistance) of the pulldown 
device for Cypress ICs is ten to twenty ohms (depending 
upon the current sinking requirements), so this value 
should be subtracted from the series damping resistor, RS. 

0099-36 

Figure 8.1. Series Damping 

The disadvantage of the series damping technique is that 
during the two-way propagation delay time the voltage at 
the input to the line is half-way between the logic levels, 
due to the voltage divider action of Rs. This means that no 
inputs can be attached along the line, because they would 
respond incorrectly. However, any number of devices may 
be attached to the load end of the line because all of the 
reflections will be absorbed at the source. 

Due to the low input current required by Cypress CMOS 
ICs, there will be essentially no DC power dissipation and 
the only AC power required will be to charge and dis­
charge the parasitic capacitances. 

Pullup/Pulldown 
The pullup/pulldown resistor termination shown in Figure 
8.2 is included only for the sake of completeness. If both 
resistors are used there will be DC power dissipated all the 
time and if only a pulldown resistor is used DC power will 
be dissipated when the input is in the logic HIGH state. 
Due to these power dissipations, this termination is not 
recommended. 
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Figure 8.2. Pullup/Pulldown 

However, in special cases where inputs should be either 
pulled up (HIGH) for logic reasons or because of very slow 
rise and fall times, a pullup resistor to Vee may be used in 
conjunction with the terminating network described below. 
DC power will be dissipated when the source is LOW. 

Parallel AC Termination; Figure 8.3 
This is the recommended general purpose termination. It 
does not have the disavantage of the half-voltage levels of 
series damping and it causes no DC power dissipation. 
Loads may be attached anywhere along the line and they 
will see a full voltage swing. 
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Figure 8.3. Parallel AC 

The disadvantages is that it requires two components, ver­
sus the series damping termination of one. 
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Types of Terminations (Continued) 

The value of C should be as small as possible. Such that Xc 
is less than two ohms at the frequency 

1 
F=--. 

2TpD 

RS can then equal Zoo 

Schottky Diode Termination 
In certain instances it may be expedient to use Schottky 
diodes to terminate lines. Where line impedances are not 
well defined, as in breadboards and backplanes, the use of 
diode terminations is convenient and may save time. 

A typical diode termination is shown in Figure 9.1. The 
low forward voltage, Vr, of the diode (typically 0.3 to 
0.45V) clamps the input signal to a V r below ground (lower 
diode) and Vee + V r (upper diode), thereby significantly 
reducing signal undershoot and overshoot. In some appli­
cations both diodes may not be required. 
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Figure 9.1. Schottky Diode Termination 

The advantages of diode terminations are: 

• Impedance matched lines are not required. 

• The diodes replace terminating resistors or RC termina­
tions. 

• The clamping actions of the diodes reduce overshoot 
and undershoot. 

• Although diodes are more expensive than resistors, the 
total cost of layout may be less because a precise, con­
trolled transmission line environment is not required. 

• If ringing is discovered to be a problem during system 
checkout the diodes can be easily added. 

As with resistor or RC terminations, the leads should be as 
short as possible in order to avoid ringing due to lead in­
ductance. 

A few of the types of Schottky diodes commercially avail­
able are: 

• IN4148 (Switching) 

• lN57ll 
• MBD101 (Motorola) 

• HP5042 (Hewlett Packard) 

Example: Unterminated Line 
The following example is presented to illustrate the proce­
dure for calculating the waveforms when a Cypress PLD is 
used to generate the write strobe for a Cypress SRAM. The 
PLD is a PAL®C 20 device and the SRAM is the 
CY7CI89-25. 

The equivalent circuit is illustrated in Figure 10.1 and the 
(unmodified) driving waveform in Figure 10.2. The rise and 
fall times are two nanoseconds. The length of the micro-
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strip trace on the PCB is eight inches and the characteristic 
line impedance is 50n. It is required to calculate the volt­
age waveforms at the source (point A) and the load (point 
B) as functions of time. 

··~t 

Vcc:SV 

VI " O.8V 
ZO"SOMA 

SMA 

Figure 10.1. Equivalent Circuit 
for Cypress PAL Driving RAM 

) 
24 I 

m--{ 
: 

2.2 2.4 
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Figure 10.2. VA (t), Unmodified 

Equivalent Circuits for The PLD and SRAM 
The equivalent ON channel resistance of the PLD pullup 
device, 28n, was calculated using the output source cur­
rent versus voltage graph over the region of interest (0 to 
2V) from the data sheet. The equivalent resistance of the 
pulldown device, lOn, was calculated in a similar manner, 
using the output sink current versus output voltage graph, 
also on the data sheet. 

The equivalent input circuit for the SRAM was construct­
ed by approximating the input and stray capacitance with a 
10 pF capacitor and the resistance with a 5 million ohm 
resistor. The input leakage current for all Cypress products 
is specified as a maximum of ± 10 p,A, which guarantees a 
minimum of 5oo,OOOn at Yin = 5V. Typical leakage cur­
rent is one microampere. 

Transmission Line Calculations 
The next step is to calculate the propagation delay and 
loaded characteristic impedance of the line. 

Propagation Delay 
The unloaded propagation delay of the line is calculated 
using equation 5-3 with a dielectric constant of 5. 

Tpd = 1.74 nslft. 

In order to calculate the loaded line propagation delay, the 
intrinsic capacitance must first be calculated using equa­
tion 2-5. 

Tpd = ZoCo, 

where Zo is the intrinsic characteristic impedance and Co 
is the intrinsic capacitance. 

Ttvl 1.74 ns/ft. 
Co = -c = = 34.8 pF/ft. Zo 50 

m 
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Example: Unterminated Line (Continued) 

The line is loaded with 10 pF, so equation 2-6 is used to 
compute the loaded propagation delay of the . line. 

, ~D Tpd = Tpd 1 +-
Co 

Tpd' = 1.74 ns/ft. 

T pd' = 2.08 ns/ft. 

10 pF 
1 + ------'-----

8 in. 
34.8 pF/ft. X ---

12 in./ft. 

Note that the capacitance per unit length must be multi­
plied by the line length to arrive at an equivalent lumped 
capacitance. 

Characteristic Impedance 
The intrinsic line impedance is reduced by the same factor 
by which the propagation delay is increased (1.96). See 
equation 2-7. 

50.0 
ZO' = -- = 41.8.0. 

1.196 

Initial Conditions 
At time t = 0 the circuit of Figure 10.1 is in a quiescient 
state. The voltage at points A and B must be the same. 

4+-------\ 
8To 

By inspection; 

VA = VB = (Vee - Vi) ( RL ) 
RS +RL 

( 
5X106 ) 

= (5-1) = 4V 
28 + 5 X 106 

The Falling Edge of the Write Strobe 
At t = 0 the driving waveform changes from 4V to OV 
(approximately) with a fall time of two nanoseconds. This 
is represented in Figure 10.1 by the switch arm moving 
from position 1 to position 2. The wave propagates to the 
load at the rate of 2 ns per foot (approximately) and arrives 
there 

8 in. 
To = 2 ns/ft. X --- = 1.33 ns 

12 in'/ft. 

later, as illustrated in Figure 10.3 (b). 

The reflection coefficient at the load is pL = 1, so a nearly 
equal and opposite polarity waveform is propagated back 
to the source from the load, arriving at t = 2 To = 2.66 
ns, as shown in Figure 10.3 (a). (See Table 3 {h}). Note 
that the falltime is preserved. The reflection coefficient at 
the source is; 

RS - Zo' 10 - 41.8 
ps = RS + ZO' = 10 + 41.8 = -0.61 

The magnitude· of the reflected voltage at the source is 
then; 

VA 0 10 12 
-0.61 ::j::===I=~::t::tj::I:±t=t';;;:::±I--~'----:l;i:;4---:1~6--:18;;---:2tO:--::2::2-i24:;1--:2;t6;-t2:';-8-130~-3t2;-
-1.56 +_-----1f__--~---1I__,r_oJ -0.24V 0 2 4 6 8 10 

2To 4To 

-4 
Figure 10.3 (a) 

~65mv 

4-1----1-"" 

2.44 +_----t-t-\:---__ 

0.95 'T'----t---I-~-~-+_,!--... 
/0.37V 

VB O+_---f__~~~~_r~Hr_r~-+_-+_-f__~-_+-_r_+~-+_-~~-_+--
0 12 14 16 18 20 22 24 26 28 30 32 

0 2 4 6 8 10 
To 3To 5To 7To To I 

23.33 3To 5To 

0099-42 

Figure 10.3 (b) 
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Example: Unterminated Line (Continued) The Rising Edge of the Write Strobe 

VSl = -4V X (-0.61) = 2.44V. At t = 22 ns the rising edge of the write strobe begins, 
which is the equivalent of closing the switch in Figure 10.1 
in the 1 position. For this analysis it its convenient to start 
the time scale over at zero, as is shown in Figures 10.3 a 
and b. 

This wave propagates from the source to the load and ar­
rives at t = 3 To, and adds to the (zero volts) signal. The 
risetime is preserved, so the time required for the signal to 
go from OV to 2.44V is; 

tr = 2.44V X 2 ns/4V = 1.22 ns. 

The signal at the load thus reaches the 2.44V level at time 
t = 3 To + 1.22 ns = 5.22 ns and remains at that level 
until the next reflection occurs at t = 5 To. The wave that 
arrived at the load at 3 To is reflected back to the source 
and arrives at t = 4 TO (5.32 ns). The 2.44V level adds to 
the -4V level, so that the resultant level is -1.56V. The 
risetime is preserved, so that this level is reached at t = 4 
TO + 1.22 ns = 6.54 ns, and maintain.ed until the next 
reflection occurs at t = 6 To. The 2.44V wave that arrived 
at the source at t = 4 To is reflected back to the load and 
arrives at t = 5 TO. The portion that is reflected back is; 

VS2 = 2.44 X (-0.61) = -1.49V. 

This subtracts from the 2.44V level to give 2.44 -1.49 = 
0.95V. The falltime is preserved, so the time required for 
the signal to go from 2.44V to 0.95V is; 

tf = 1.49V X 2 ns/4V = 0.75 ns. 

The 0.95V level is thus reached at time t = 5 TO + 0.75 
ns = 7.4 ns. 

At t = 6 To the 0.95V wave arrives back at the source, 
where it subtracts from the -1.56V level to give -0.61V. 
The risetime is tr = 0.95 X 0.5 nsIY = 0.45 ns. 

The 0.95V wave that arrived at the source at t = 6 To is 
reflected back to the load and arrives at t = 7 To. The 
portion that is reflected back is; 

VS3 = 0.95 X (-0.61) = -0.58V. 

This subtracts from the 0.95V level to give 0.37V. The 
falltime is approximately 0.5 ns. 

This process continues until the voltages at points A and B 
decay to approximately zero volts. 

Observations 
The positive reflection coefficient at the load and the nega­
tive reflection coefficient at the source result in an oscilla­
tory behavior that eventually decays to acceptable levels. 
The voltage at point A reaches -0.61V after 6 To delays 
and the voltage at point Breaches 0.37V after 7 To delays. 

The reflection at the load that causes the voltage to exceed 
the TTL minimum ONE level (2V) at T = 3 To could 
cause a problem if either the data to be written in the RAM 
changes up to 5 To delays after the falling edge of the write 
strobe or if the observed shortening of the write strobe by 5 
TO delays violates the minimum write strobe specification. 

However, if this reflection occurred on a clock line to a 
logic device, registered PROM, or a PLD the reflection 
could be interpreted by the device as a second clock. The 
width of the pulse caused by the reflection in this case is 2 
To = 2.66 ns, which is probably too short to be detected. 
If the line were either slightly longer or more heavily ca­
pacitively loaded the pulse would be wider and could be 
detected as a second clock. 

If the forcing function were a step function, the equations 
of Table 1 (h) would apply. The time constant in the equa­
tion is: 

RZo' Ce 
T = --=--­

R + Zo' 
(10-1) 

Because R ~ ZO', T = ZO' Ce, where Zo' = 41.80. and 
Ce = 33.2 pF. 

This is the equivalent of saying that the five megohm de­
vice input resistance can be ignored for transient circuit 
analysis. Substitution of Zo' and Ce into the preceding 
equation yields a time constant of T = 1.39 ns. 

Writing the equation for the voltages for the circuit of Fig­
ure 10.1 

1 It VA(t) = i Zo' + - idt. 
Ce 0 

Also, VA(t) = Kt U(t) - K(t - Tl) U(t - Tl). 

(10-2) 

(10-3) 

Where Kt is the rising edge of the write strobe (K = 
2V Ins) applied at t = 0 using a unit step function, U(t), 
and - K (t - Tl) represents an equal but opposite wave­
form applied at t = Tl (after the risetime) using a unit step 
function, U(t - Tl). 

Equating the equations and taking the LaPlace transforms 
of both sides yields: 

K K E -TIS I(s) ( 1 ) 
- - --- = Zo' I(s) + - = Zo' + - I(s). 
s2 s2 Ces Ces 

(10-4) 

1 It I(s) However, VB(t) = - i dt, or VB(s) = - . 
Ce 0 Ces 

Therefore: 
K K E-TIS 

S2 s2 ( zo' + _1_) Ce s VB(s). (10-5) 
CeS 

Solving for VB(s) yields: 

~ (1 - E-TIS) 

VB(s) = . 

Ces (zo' + _1_) 
Ces 

Which is equivalent to: 

K 
--(1 - E-TlS) 
Zo'Ce 

VB(s) = ( 1) . 
s2 S +-­

Zo'Ce 

(10-6) 

(10-7) 
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Example: Unterminated Line (Continued) 

Taking the inverse LaPlace transform yields: 

-t 

VB(t) = [K Zo' Ce ( E zoo Ce - 1) + Kt] U(t) -

(10-8) 

[ 

-(t-Tl) 

K ZO' Ce (E Zoo Ce - 1) + K(t - Tl) ]U(t - Tl) 

Equation 10-8 consists of two terms. The first term applies 
from time zero up to and including Tl and the second term 
applies after T1. 

KZo'Ce ~ K 
VB(t) = (E Zo Ce - 1) + - (t) t ~ Tl (10-9) 

Tl Tl 

KZ 'Ce ~ ~ 
VB(t) = 0 (1 - E zoO Ce) E zoO Ce + Kl t > Tl (10-10) 

Tl . 

where Kl = final value = 4V 

Substitution of the proper values into equation 10-9 yields 
at t = T 1 = 2 ns. 

VB(t = Tl) = 

2 X 41.8 X 33.2 X 10- 12 1439 2V 
---2-X-I-0---9---(E-' - 1) + ns X 2ns 

= - 1.057 + 4 = 2.94V 

If the forcing function would have been a step function the 
equation would be: 

-t 

VB(t) = 4V (1 - E zoo Ce) (10-11) 

at t = 2 ns, VB = 3V, which is greater than the 2.94V 
calculated using equation 10-9. 

At t = (22 ns) + To the voltage waveform begins to build 
up at the load and continues to build until the first reflec­
tion from the source occurs at t = 3 To. 

Equation 10-10 is used to calculate the voltage at the load 
at t = 2 To (because 1 To is used for propagation delay 
time). 

VB(t = 2 To) = 

-2V X 41.8 X 33.2 X 10- 12 1439 2 
2 X 10-9 (1 - E-' ) (E- ) + 4 

= -1.39 (0.762)(0.135) + 4 

= -0.143 + 4 = 3.86V 

The voltage at the load will remain at this value until the 
first reflection from the source reaches the load at t = 3 
TO· 

Meanwhile, at t = To, the wave at the load is reflected 
back to the source and arrives there at t = 2 To. It sub­
tracts from the 4V level at the source as illustrated in Table 
4 (c). The amplitude of the "droop" is given by: 

C'Zo'Vo 
V ""'---r - 2 TR 

for the case Vs = ZO'. 

(10-11) 

If Vs =1= Zo' equation 10-11 must be modified. Instead of 

Vo ( Rs ) - the voltage is V 0 , so that equation 10-11 
2 RS + Zo' 

becomes: 

V ~ C' ZO' Vo ( RS ). 
r TR RS + Zo' 

where: C' = 10 pF 

Zo' = 41.80 

Rs = 280 

TR = 2 ns 

Vo = 4V 

(10-12) 

Substitution of these values into equation 10-12 yields: 

Vr = 0.33V. 

4V - 0.33V = 3.67V, so there is no danger of the voltage 
dropping below the minimum HIGH level. 

The reflection coefficient at the source is: 

_ Rs -Zo' .Rs = 280 
ps - , where. Z ' = 41 81"\ Rs+Zo 0 .U 

ps = -0.198 

The amount of voltage reflected from the source back to 
the load is then: 

VSl = (-0.33) X (-0.198) = +0.065V. 

This same result could have been obtained by applying the 
ramp function of Figure 10.2 to a large resistor and then to 
a capacitive load and adding the results using superposi­
tion. 

Observations 
The risetime of the waveform at the load is reduced by the 
10 pF load capacitor. The reflection at the source caused 
by the load capacitor is insufficient to reduce the 4V level 
to less than the TTL one level (2V). 

The reflection coefficient at the source is sufficiently small 
so that the energy reflected back to the load is insufficient 
to cause a problem. 
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Summary 
The example has demonstrated that, under certain condi­
tions, the voltage reflections caused by the impedance mis­
match between a PCB trace and the input of a Cypress 
CMOS integrated circuit may cause a pulse whose energy 
is sufficient to be detected by another circuit. 

It is the responsibility of the system designer to identify 
and to analyze these conditions and to then modify the 
design such that the reflections will not occur. 

10-77 

References 
1. Matick, Richard E,: Transmission Lines For Digital and 

Communications Networks, McGraw Hill, 1969. 

2. Blood, Jr, William R.,: MECL System Design Hand­
book, Motorola Inc., 1983. 



CYPRESS 
SEMICONDUCTOR 

Microcoded Systems Performance 
The microcoded processor family of devices offered by Cy­
press Semiconductor are the fastest available. High per­
formance systems designed for specific applications can be 
configured using this high performance chip set. The per­
formance of these devices in 16- and 32-bit processors is 
detailed below. 

Increasing functional integration is evident in the 
CY7C9101 16-bit slice, which is the equivalent to four 
CY7C901s (4-bit slice) and a 2902 carry lookahead genera-

tor. By placing these functions on a single chip, the inter­
connect delays between chips are reduced. Significant im­
provement in overall system throughput, reduced board 
space, and reduced power requirements are among the ad­
vantages of the CY7C9101 systems over CY7C901 based 
systems. Following is a critical path timing analysis of the 
data loop and control loop for generic 16- and 32-bit sys­
tems. A discussion of the speed and power advantages of­
fered by CY7C9101 systems will also be presented. 

Minimum Cycle Time Calculations for 16- and 32-Bit Systems 

MICROPROGRAM 
MEMORY 

~----------------MCN 

CY7C901 
(1 ) 

DATA 
REGISTER 

CY7C901 
(4) 

WIRED "OR" F=O 
FROM OTHER CY7C901 s 
~ 

F=Ot-4 .......... '"'I 

Cn+4 
OVR 1---+---..... 
F3 

DATA 
REGISTER 

Figure 1. CY7C901 Based 16-Bit System (Pipelined System, Add without Simultaneous Shift) 

CY7C245 
CY7C901 
Carry Logic 
CY7C901 
Register 

Data Loop 
Clock to Output 
A,BtoG,P 
Go, Po to Cn +z 
Cn to Worst Case 
Setup 

12 
28 
9 

18 
4 

71 ns 

CY7C245 
MUX 
CY7C910 
CY7C245 

Minimum Clock Period = 71 ns 
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Control Loop 
Clock to Output 
Select to Output 
CCtoOutput 
Access Time 

12 
12 
22 
20 

66ns 

4 
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Minimum Cycle Time Calculations for 16· and 32·Bit Systems (Continued) 

} 
TO 
CY7C901(6.7.8) 

} 

FROt.! CY7C901(5.6.7) 

TO 
CY7C901 (2.3.4) 

WIRED "OR" F=O 
FROt.! OTHER CY7C901s ,--.. 

Figure 2. CY7C901 Based 32-Bit System (Pipelined System, Add without Simultaneous Shift) 

Data Loop Control Loop 
CY7C245 Clock to Output 12 CY7C245 Clock to Output 
CY7C901 A, BtoG, P 28 MUX Select to Output 

[ Go, Po toG,!' 12 CY7C91O CC to Output 
Carry 

Go, Po to Cn + x 9 CY7C245 Access Time 
Logic 

Cn to Cn + x. y, z 14 

CY7C901 Cn to Worst Case 18 
Register Setup 4 

97 os 

Minimum Clock Period = 97 ns 
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Figure 3. CY7C9101 Based 16-Bit System (Pipelined System, Add without Simultaneous Shift) 

Data Loop Control Loop 
CY7C245 Clock to Output 12 CY7C245 Clock to Output 
CY7C9101 A, B to Y, Cn + 16, OVR 37 MUX Select to Output 
Register Setup 4 CY7C91O CCto Output 

53 os CY7C245 Access Time 

Minimum Clock Period = 66 ns 
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12 
12 
22 
20 

66 os 

12 
12 
22 
20 

66 os 
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Minimum Cycle Time Calculations for 16· and 32·Bit Systems (Continued) 

0096-4 

Figure 4. CY7C9101 Based 32-Bit System (Pipelined System, Add without Simultaneous Shift) 

CY7C245 
CY7C9101 
CY7C9101 
Register 

Data Loop 
Clock to Output 
A, BtoCn + 16 

Cn to Worst Case 
Setup 

12 
35 
24 
4 

75 ns 

CY7C245 
MUX 
CY7C91O 
CY7C245 

Minimum Clock Period = 75 ns 

Control Loop 
Clock to Output 
Select to Output 
CC to Output 
Access Time 

Table 1 

12 
12 
22 
20 

66ns 

Power is an important consideration in microcoded sys­
tems. For an equivalent system, the CY7C901 offers sub­
stantial savings in power over the bipolar devices. Coupled 
with other low power Cypress CMOS devices, the power 
savings over bipolar is clearly evident. The functional inte­
gration of four CY7C90ls with carry lookahead gives the 
CY7C91Ol even greater advantages. The number of ALU 
elements is reduced by a factor of four, also, there is a 
reduction in the carry logic needed. A comparison between 
bipolar, CY7C90l-based, and CY7C91Ol-based systems is 
given below in Table 1. Note that in this comparison, the 
devices common to all 16- and 32-bit system configurations 
are included in the Icc computations. 

ICC Calculations for 16·Blt Systems (All Figures in mAl 

Cypress CMOS 

CY7C901 CY7C9101 Bipolar 
Based Based 

Sequencer 100 100 340 
Registered PROM 90 90 185 
Carry Logic 110 - 110 
ALU Elements 

4x Four-Bit Slice 320 1060 
16-Bit Slice 75 

Total 620 265 1695 
Cypress CMOS devices offer the highest speed microcoded 
solutions while keeping power consumption to reasonable 
levels. The CY7C90l-based systems win over bipolar's fast­
est devices in a speed comparison, while consuming rough­
ly Ya the power. Upgrading to the CY7C9l0l will result in 
even faster systems, at close to '13 the power of the 
CY7C90l-based systems. This comparison is illustrated be­
low, in Table 2. 

Icc Calculations for 32·Bit Systems (All Figures in mAl 

Cypress CMOS 

CY7C901 CY7C9101 Bipolar 

Based Based 

Sequencer 100 100 340 
Registered PROM 90 90 185 
Carry Logic 330 110 330 
ALU Elements 

8x Four-Bit Slice 640 2120 
2x Sixteen-Bit Slice 150 

Total 1160 450 2975 

Table 2. SpeedlPower Comparison between Bipolar, CY7C901, CY7C9101 

Minimum Qock Cycle (ns) Maximum IcC (mA) 

Bipolar CY7C901 CY7C9101 Bipolar CY7C901 CY7C9101 

16-Bit Systems 85 71 66 1695 620 265 

32-Bit Systems 111 97 75 2975 1160 450 
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Introduction to Diagnostic PROMs 
Scope and Purpose 
This Application Brief will provide the reader with a basic 
understanding of the concept of a diagnostic PROM, as 
well as a brief introduction to possible applications. 

Beginning with a short tutorial on system diagnostics, the 
reason for incorporating diagnostics into a design and the 
special testability problems associated with sequential de­
signs are presented. The concept of shadow-register-based 
diagnostics is presented, and the benefits of this approach 
are outlined. 

Next, a description of Diagnostic PROMs is given. This 
covers the similarity/dissimilarity of diagnostic PROMs 
relative to standard registered PROMs, as well as funda­
mental operation of a diagnostic PROM followed by a de­
scription of the Cypress CY7C268 and CY7C269 8K x 8 
Diagnostic PROMs. 

In conclusion, an application example is presented. 

Introduction to System Diagnostics 
As electronic systems continue to grow in size, functionali­
ty, and complexity, it is becoming increasingly difficult to 
test them and determine their reliability, as well as to serv­
ice the end product in the field. One way to simplify the 
task of testing electronic systems is to design some form of 
testability into the system. 

Controllability and observability are the key points of test­
ability. These two qualities are easily obtained for a combi­
natorial system where the outputs are strictly a function of 
the current inputs. Test vector methods are easily devised 

INPUTS 

COMBINATORIAL 
lOGIC 

and implemented for combinatorial systems. But, for a se­
quential system, where the outputs are a function of both 
the current inputs and the previous state(s), controllability 
and observability may be lost due to lack of access to the 
internal states of the machine. Consequently, building test­
ability into a system means being able to control and ob­
serve all possible states of a system. 

Consider the simple sequential machine in Figure 1. As is 
evident, access to internal states-which is necessary for 
complete controllability and observability-is either denied 
or difficult to obtain. The obvious way to add testability to 
this system is to pehnit access to these internal states. One 
way to gain this access is through addition of a diagnostic 
shadow register, as shown in Figure 2. Observability is ef­
fected by adding a serial data output path (SDO) to allow 
shifting internal state information out of the system. Con­
trollability is gained by permitting a serial data input path 
(SOl) to set the state of the internal registers. As a result, 
relatively simple test vector methods can again be used to 
test the system. Consider, for example, the complex se­
quential machine shown in Figure 3. This system would be 
virtually impossible to test in the current configuration, 
due to the fact that we can not control or observe the 
internal states of the machine. In order to increase the test­
ability of this machine, observability must be added at 
points 01,02, and 03. If this were accomplished, one would 
be able to observe the internal states of the machine. Addi­
tionally, controllability must be added at points Cl, C2, 
and C3. This would enable the internal states of the 
machine to set. This controllability and observability can 
be attained by adding shadow registers, as depicted in Fig­
ure 4. The result is a complex sequential machine with a 

I---_~--... OUTPUTS 

STATE 
OUTPUTS 

INTERNAL STATE fEEDBACK 
ClK 

SEQUENTIAL SYSTEM 

Figure 1. Simple Sequential Machine 
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INPUTS 1---+-------+ OUTPUTS 

COMBINATORIAL 
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OUTPUTS 

SEQUENTIAL SYSTEM 
0125-2 

Figure 2. Simple Sequential Machine with Diagnostic Capability 
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COMBINATORIAL 

LOGIC 
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COMBINATORIAL 
LOGIC 
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LOGIC 
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OUTPUTS 

DCLK 

OUTPUTS 

DCLK 
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Figure 3. Complex Sequential Machine 

high degree of testability. As a result of these actions, sim­
ple test vector methods can now be used to fully test the 
machine. For instance, the state of the register at point Cl 
can be set, the machine may be clocked through some 
known number of cycles, and the state of the machine may 
be observed at points 01, 02, and 03. 

Knowing what state the machine should be in at that par­
ticular point in time at each observation point, the known 
"correct" state of the machine can be compared with the 
observed machine state (at each observation point), thereby 
determining if: a) the machine is functioning correctly; and 
b) if not, which "machine primitive" is not functioning 
correctly (fault detection). Note that this approach to se­
quential design will also permit testing to see what the ma­
chine would do if a glitch caused a jump into an unused 
state, which in tum makes the design task of forcing the 
machine back into a known state much less complex. 
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The real advantage of this approach is that it requires no 
changes in architecture, minimal hardware changes, and 
results in a minimal (5-10%) area hit when integrated into 
existing integrated circuits. 

Diagnostic PROMs 
Diagnostic PROMs are a relatively minor migration from 
standard registered PROMs. A block diagram of a diag­
nostic PROM is presented in Figure 5. The addition of 
diagnostic capability to a registered PROM includes the 
addition of: 

-a shadow register 
-multiplexer 
-MODE pin 
-SDI (Serial Data In) pin 
-SDO (Serial Data Out) pin 
-diagnostic clock 
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Mode, SDI, SDO, and DCLK for each "Machine Primitive" 

Figure 4. Complex Sequential Machine with Diagnostic Capability 
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Figure 5. Diagnostic PROM Block Diagram 

The shadow register is dynamically configured based on 
the value of the mode signal. If mode is set such that the 
user desires to input data to the PROM, the shadow regis­
ter is configured as serial-in, parallel-out; if the user desires 
to extract information from the PROM, the shadow regis­
ter is configured as a parallel-in, serial-out. So the shadow 
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register serves two purposes: First, the shadow register can 
be configured to serially receive the data that can be trans­
ferred to the register containing state information and ap­
pear at the outputs during the next cycle. The obvious ad­
vantage of this feature is that it allows the user to effective­
ly preset the condition that will be sent through the part of 
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the system that "follows" the PROM; ie, the user can in­
sert state information into the system. This feature adds 
controllability to the system. 

The second purpose that the shadow register serves is to 
allow the user transfer data from the register containing 
state information and to serially shift that data out of the 
PROM. This feature adds observability by allowing the 
user to observe the state of the PROMs pipeline register at 
any given point in time. Inclusion of the above named fea­
tures in a registered PROM can therefore add testability to 
any system by providing the user with the mechanism to 
build both controllability and observability into his system. 
Note that this increase in functionality is effected without 
loss of other desirable registered PROM features such as 
programmable initialization, programmable output enable, 
etc. 

Cypress Diagnostic PROMs 
Cypress Semiconductor manufactures two Diagnostic 
PROMs, the CY7C268 and CY7C269. These 64K byte­
wide Diagnostic PROMs are manufactured in CMOS for 
the optimum speed/power tradeoff resulting in 550 m W 
power dissipation while maintaining 40 ns maximum set­
up and 20 ns clock-to-output. Both contain an edge-trig­
gered pipeline register and on-chip diagnostic shift register. 
Both are capable of withstanding > 200 1 V ESD. Both are 
produced in our EPROM-based process, which allows test­
ing for 100% programmability. Both are available in 
PLCC/LCC and Dual Inline Packages, and both are avail­
able in a windowed package for reprogrammability. The 
CY7C268 features full diagnostic capability and is avail­
able in 32-lead PLCC/LCC or 32-pin 0.5 in DIPs. The 
CY7C269 features limited diagnostic capability and is 
available in 28-lead PLCC/LCC or 28-pin 0.3 in DIPs. 

For an in-depth description of functionality, refer to the 
data sheet. The following discussion briefly describes the 
diagnostic functions available in each device. 

MODE 

PCLK 
CONTROL 

LOGIC 
ENA 

INIT 

0 0 -07 

CY7C268 
A condensed block diagram of the CY7C268 is presented 
in Figure 6. The pin names and functions of the CY7C268 
are as follows: 

Name I/O Function 

Ao-AI2 I Address Input 

00-07 0 Data Lines 

ENA I Synchronous or Asynchronous 
Output Enable 

INIT I Asynchronous Initialize 

MODE I Sets PROM to Operate in 
Pipelined or Diagnostic Mode 

DCLK I Diagnostic Clock (Used to Clock 
the Shadow Register) 

PCLK I Pipeline Clock (Used to Clock 
the Output Registers) 

SDI I Serial Data In (Used to Serially 
Shift Data into the Diagnostic 
Register) 

SDO 0 Serial Data Out (Used to Serially 
Shift Data Out of the Diagnostic 
Register) 

Note that full diagnostic capability is realized through the 
use of four control signals: SDI (Serial Data In), SDO 
(Serial Data Out), MODE, and DCLK (diagnostic c1oc~). 
Inclusion of both DCLK and PCLK assures that senal 
data can be shifted into or out of the diagnostic register 
while the PROM is operating in normal pipeline fashion. 
As a result, the CY7C268 has three possible modes of oper­
ation: 

i. normal (pipelined) 
ii. diagnostic 

iii. both simultaneously 

8 

8 - BIT DIAGNOSTIC 
SHIFT REGISTER 

8 

SOl 

SOO 
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Figure 6. Condensed Block Diagram of the CY7C268 
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The following table summarizes the operational modes of the CY7C268: 

Data Flow Description Mode ENA[l] SDI SDO DCLK PCLK 

NormaIOperation[l] L H,L DATA IN SDO - t 
Shadow to Pipeline[l] H H,L X SDI - t 
Pipeline to Shadow H L L SDI t -

Data In to Shadow H H L SDI t -

Shift Shadow Reg.l1] L H,L DATA IN SDI t -

No Operation[l] H H,L H SDI t -

Note: 
1. For the asynchronous enable operation, data out is enabled on the first LOW to HIGH clock transition after E is brought LOW. When E goes from 

LOW to HIGH (enable to disable) the outputs will go to the high impedance state (after a propagation delay) immediately if the asynchronous 
enable was programmed. If the synchronous enable was selected, a LOW to HIGH transition is required. 

CY7C269 
A condensed block diagram of the CY7C269 is presented 
in Figure 7. As is evident, the CY7C269 has reduced diag­
nostic functionality relative to the CY7C268. The 
CY7C269 is ideal for applications requiring limited diag­
nostics with a premium on board space conservation, and is 
available in 28-pin, 300 mil DIPs (windowed or opaque) 
and in 28-lead PLCC/LCC packages. The pin names and 
functions of the CY7C269 are as follows: 

Name I/O Function 

Ao-A12 I Address Inputs 

00-0 7 0 Data Lines 

E,! I Enable or Initialize 

Clock I Pipeline and Diagnostic Clock 

Mode I Sets PROM to operate in either 
diagnostic or regular pipelined 
mode (note that the two modes 
are mutually exclusive). 

SDI I Serial Data In 

SDO 0 Serial Data Out 

MODE 

EfT CONTROL 
LOGIC 

CLOCK 

8 

Note that limited diagnostic capability is realized through 
inclusion of three diagnostic signals: MODE, SDI, and 
SDO. Since there is only one CLOCK, the regular and 
diagnostic modes are mutually exclusive. The following ta­
ble summarizes the operating modes of the CY7C269: 

Data Flow Description Mode E,I Clock SDI SDO 

Normal Operation L [1][2] t X HighZ 

Shadow to Pipeline H L t L SDI 

Pipe or Bus to Shadow H L t H SDI 

Shift Shadow H H t Data In SDO 

Notes: 
I. E or I function selected during programming. 
2. If I selected, outputs always enabled. IfE selected, outputs are en­

abled synchronously or asynchronously as programmed. 
3. Ifl selected, outputs always enabled. IfE selected, during diagnostic 

operation the data outputs will remain in the state they were in when 
the mode was entered. When enabled, the data outputs will reflect the 
outputs of the pipeline register. Any changes in the data in the pipe­
line register will appear on the output pins. 

8 

8 - BIT DIAGNOSTIC SOl 

SHIFT REGISTER SDO 

8 

8-~------------------~ 

00 -07 
0125-7 

Figure 7. Condensed Block Diagram of the CY7C269 
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Design Example 
As an example, consider the complex sequential machine 
presented earlier. This machine could be easily implement­
ed using CY7C268's or CY7C269's, as shown in Figure 8. 
Note that the block labeled "diagnostic control" could con­
sist of PLDs, PROMs a sequencer, or a small microcon­
troller. The choice between using the CY7C268 or the 
CY7C269 would be based complexity of the diagnostic 

DIAGNOSTIC CONTROL 

2 

4 

~ 
r0-

4 I 

2 

I ADDRESS DECODER I 
PROGRAMMABLE ARRAY I 

8! ~ 
~--+l -

DIAGNOSTIC MUX I 
8 8 

CONTROL 

4 LOGIC --+I PROG. INITIALIZE WORD I 
H 8 - BIT PIPELINE REGISTER I 8 - BIT DIAGNOSTIC ~ 

SHIFT REGISTER 

tl I -1 ;, 8 

8 

8 
2 

6 

function required. For full diagnostics that can function 
simultaneously with regular pipelined operation, the 
CY7C268 should be used. For an application where limited 
diagnostic capability is required-perhaps only a power-up 
or at some other well-defined point in time-the CY7C269 
may be used. 
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Figure 8. Complex Sequential Machine Implemented with Cypress Diagnostic PROMs 
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CY7C330 Design Example: 
High Speed Asynchronous SCSI 

Controller 
Introduction 
This application note describes a minimal, though extreme­
ly fast SCSI (Small Computer Systems Interface) controller 
that is built up from a few parts surrounding a CY7C330 
synchronous state machine PLD. The controller is compli­
ant with the SCSI standard for a host-based minimally fea­
tured interface. 

A speed of 12 Megacycles is achieved by efficiently using 
various features of the CY7C330. The 50 MHz speed, the 
input registers, and the device size including the array size 
are all features which help to achieve this level of perform­
ance. 

At 50 MHz, the register to register transfers can occur at 
20 ns intervals which is fast enough to keep datapath trans­
fers out of the way of SCSI transfers. In order to achieve 
optimal throughput, the SCSI handshake transfer must be 
made the limiting factor, so this clock speed is necessary. 

The input registers are used to synchronize external sig­
nals. Synchronization is necessary so that the state machine 
can respond to these signals, and the input section of the 
state machine is the correct place to perform the task. Since 
the signals are synchronized at the input to the array, ad­
herence to grey code transitions can be ignored in the de­
sign and thus time critical transitions can be made in less 
cycles. 

The device and array size of the CY7C330 are sufficient to 
accommodate the entire control section of the interface. In 
fact, because the device is large enough, several signals are 

COt.lPUTER 
BUS INTERrACE 

....-

shared and therefore more features can be accommodated 
in this design than would be the case if the interface was 
constructed from smaller PLDs. 

The minimally featured SCSI Host implementation is a 
complete interface to one or more SCSI controllers from a 
single host. 

Conventions 
In this document, conventions are followed so that signal 
names in timing and state diagrams can be related to sche­
matics unambiguously. 

If a signal name appears suffixed by a minus sign ( - ) then 
that signal is active low. The minus sign is part of the 
signal name, and not an operator. As an example, the sig­
nal ACK - appears on several timing diagrams and the 
minus is there to remind the reader that a low on the tim­
ing diagram is the asserted state. 

In state diagrams the asserted states appear as 1 'so This 
makes the diagram easier to read than one with T's and 
F's. In any case there is no ambiguity because the boolean 
variables which are used in state diagrams are not circuit 
level signals. For example, the variable CDIT is used in a 
state diagram with a 1 being true, while the corresponding 
signal name in the schematic and the timing diagram is 
CDIT- with a low assertion level. 

The slash 'j' is the inversion operator. This is similar to the 
BAR operator in boolean algebra, so j A has the same 

DBO-DB7 
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--,. 

ACK 
RST 

--,. 

SEL 
....,.. t.lASS 

C/o 
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SUBSYSTEt.I 
REO 
I/O 
t.lSG 
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Figure 1. Mass Store Subsystem and Minimal SCSI Implementation 
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meaning as A. An operator does not signify activity level, 
so the inclusion of a signal suffix (- or blank) is additional 
information. 

The PLO definitions and equations, the signal assertion 
level should only appear in the pin name declaration. PLO 
equations should then be written referring only to variable 
names as they appear in state diagrams and truth tables. 

The design file for this CY7C330 application has not been 
included in this note, but is available from Cypress Semi­
conductor. 

History 
The SCSI standard evolved from the SASI controller speci­
fication by OTC and Shugart which was a widely adopted 
parallel interface for disk controllers. The current SCSI 
standard is upwards compatible from this original specifi­
cation. 

Apart from the more rigorous timing and electrical specifi­
cations, most SCSI additions (i.e. reselection, arbitration, 
and synchronous mode) apply when the interface is being 
used as a network. If the sole use of the interface is to 
access a mass storage subsystem, then these features may 
be omitted and the resultant SCSI implementation will be 
smaller and faster. 
The current SCSI interface is 8 bits wide, and it is possible 
to operate in asynchronous mode for a minimally featured 
interface at a rate of up to 16 Megacycles. The interface 
may be widened to 16 bits at some time in the near future; 
if so, then the SCSI throughput rate will double to a theo­
retical maximum of about 32 Megabytes per second. 
The SCSI standard is likely to prevail in storage system 
interfaces. The only competing standard is ESDI which, 
being a serial data interface, has a much lower data 
throughput. 

System Considerations 
A block diagram of a minimal SCSI implementation is 
shown in Figure 1. Normally the Mass Store Subsystem is 
inside the same enclosure as the computer; if it is not, then 
for emission considerations differential drivers and receiv­
ers should be used. In this application note, it is assumed 
that the flat cable SCSI bus is about a foot long so that 
transmission delays are minimal (5 ns). 

The Mass' Store Subsystem consists of one or more disk 
drives or other high density storage devices, and one or 
more controllers with SCSI ports. Unused lines in the SCSI 
bus are not shown in Figure 1. 

The computer system itself will access the SCSI controller 
from its own bus. Por this example, a simple asynchronous 
interface has been implemented. This interface has only 
one data strobe and there are two signals - R TS (Request 
to send) and CTS (Clear to send) to request or acknowl­
edge data access cycles. These signals allow for the connec­
tion of a OMA device or another data interface. 

The SCSI Transfer Protocol 
A SCSI data access consists of a command transfer fol­
lowed by a data transfer. The command transfer proceeds 
as follows: 

1) The host waits for BSY to go inactive, then asserts SEL 
and one of the 8 data bits (to select one of 8 controllers). 
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Figure 2. Command Transfer 

2) The controller drives BSY active when this selection 
combination is detected. 

3) The host releases SEL and the data bit used for selec­
tion. 

4) The controller assets C/O and REQ to read a command 
byte from the host. 

5) The host outputs the first byte of the command and 
asserts ACK. 

6) The controller accepts the data and deasserts REQ. 

7) The host then deasserts ACK. 

8) Steps 4 through 7 are repeated for 6 bytes (more in 
special cases). 

After the command has been read in by the controller, the 
operation is either performed or aborted. After executing a 
command, a status byte (C/O asserted) is sent to the host 
to indicate success or an error condition. 

If the command is a write command, then data is first 
transferred from the host to a buffer on the controller. Af­
ter the data is written to the disk, a command complete 
status message is sent to the host. 

If the command is a read command, then data is read from 
the disk, checked for validity, and passed to the host. Some 
controllers offer a 'Ply-by' mode which means data is 
passed to the host as soon as it is read, and an error condi­
tion is signalled afterwards. 

The normal data transfer protocol follows the above de­
scription (steps 4 to 7). At the end of the access, the status 
byte is transferred, then activity ceases. BSY goes inactive 
to signal the end of the access. 

Interface Timing Considerations 
There is one major delay and one minor delay to be ob­
served during selection, and there is a data setup delay to 
be observed during data transfer. 

For the host interface, under the single initiator option in 
the SCSI specification, there is a 400 ns 'bus settle delay' to 
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be observed after BSY goes false, and before SEL is assert­
ed. Additionally, SEL is to be deasserted at least two de­
skew delays after BSY is asserted. A deskew delay is 45 ns. 

Data is to be setup for a minimum of one deskew delay 
plus one cable skew delay (45 + 10 ns) before the ACK 
signal is given. 

Like the host interface, the controller interface has timing 
constraints associated with selection and data access. 

The controller implements the same data setup delay as the 
host, but the strobe which is accommodated from the con­
troller side is REQ. 

The response to SEL must be shorter than 200 microsec­
onds. 

The setup time allowed for I/O and C/D [control signals] 
is specified as one 'bus settle delay' or 400 ns. 

It is worth nothing here that the response to SEL, and the 
various 'bus settle delay' constraints, are really system level 
response times, and need not be of concern in the hardware 
design at this level. 

Performance Considerations 
The 7C330 is a Moore machine; there are no combinatorial 
paths from the inputs to the outputs. One problem that 
arises in state machine design with Moore machines is that 
the turnaround time or handshake delay to external signals 
becomes the limiting factor in throughput. This problem is 
most obvious in asynchronous interfaces. 

Figure 3 shows a hypothetical synchronized transfer cycle. 
This is the cycle as it could be implemented with a 7C330 
synchronous state machine, if the ACK - signal was di­
rectly controlled by the 7C330. 

Figure 3. Synchronized Transfer Cycle 

Definitions for Figure 3: 
1. Tsu: 55 ns setup time for data. 
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2. TLA: Latency time delay; this consists of device propa­
gation delays plus 0 or 1 clock cycles. For preliminary esti­
mates, assume a 20 ns clock and 15 ns of delay. 

3. T c: Clock period. 

4. TD: Data delay (max) after REQ deasserted. 

The time for one cycle using synchronized transfer cycles is 
about 180 ns. This cycle time corresponds to a throughput 
rate of just under 6 MHz, which is not as high a rate as the 
7C330 is capable of supporting. 

The problem is that for every edge there is a synchroniza­
tion or latency delay plus a clock delay before the corre-
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sponding handshake signal is given. These delays are unde­
sirable and for the most part unnecessary, since the data 
path is capable of accepting data at a higher rate. 
This result underscores the need for supervisory control 
over the handshake sequence. If the output data is ready 
and waiting, there is no need to delay the handshake se­
quence until the state machine synchronizes to the event 
and reacts. Likewise, if the input buffer is empty then it can 
be asynchronously loaded. 
In the schematic (Figure 10) a NOR buffer is used to drive 
the output strobes, and to perform the asynchronous hand­
shake, and to latch ACK - until the state machine has had 
sufficient time to react. The signal COlT - is used by the 
7C330 to supervise the handshake sequence. 

The SCSI Interface: Transfer to the 
Controller 
For transfers to the controller, the asynchronous signal 
that needs to be controlled is ACK - (active low acknowl­
edge). This signal should go low soon after REQ - is as­
serted by the controller, but only after data has been setup 
for a minimum of 55 ns. This signal should go high when 
REQ - is deasserted. 
To guarantee that the state machine sees the cycle take 
place, ACK - is latched low until released by a controlling 
signal (CDIT-) that comes from the state machine. The 
same signal is used to hold off ACK - until the data setup 
has been met (refer to Schematic for latch circuit details). 
Another signal is required to clock data into the output 
register (CAB). This signal has a duration of two clock 
cycles for data setup timing. In Figure 4 the signal CAB_D 
is a delayed feedback version of CAB which is used to add 
a delay cycle. 

REO - I F2..J--31 
\+1.,.-5-1 

ACK-! ~ . .,I~I - ...... C5
-j-

2T 31 

CDIT- ~2-+3:1 I ... ~_4 ____ _ 

CBA ------.... FF ... i -----

CAB_D __________________ ~~~ ________ _ 

Figure 4. Host to Controller Transfer Cycle 

Definitions for Figure 4: 
1. TAT: Asynchronous turnaround time (8 ns). 

0130-4 

2. TLA: Latency time delay; this consists of device propa­
gation delays plus 0 or 1 clock cycles. For preliminary esti­
mates, assume a 20 ns clock and 15 ns of delay (25 ns 
average). 
3. TC: Clock period (20 ns). 
4. TDO: Delay to output (15 ns). 
5. Asynchronous turnaround time for controller end (8 ns). 
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Figure 4 shows the resultant transfer cycle to the controller 
from the host. The cycle time can be estimated from one 
REQ - rising edge to another. This time works out to an 
expected value of 108 ns. 

Outputs: COl T I CAB I CAB_D I 

0130-5 

Figure 5. SCSI Transfer to Controller 

The state diagram for the part of the controller that han­
dles the interface timing is shown in Figure 5. At the start 
of the cycle, CD IT - is active because it is assumed that 
data has been at the interface for at least the setup require­
ment. CAB is the register clock for the output register, and 
it goes high after REQ - goes inactive (high), if there is 
data available (DAY, which is a logic function yet to be 
defined). The cycle then proceeds to completion and as 
CDIT- goes active another cycle can start. 

Outputs: I EO I El I CKO I CKl I 
Inputs: 

/DS'/CKO'/C~ 
IDS ICAB· ICDI T + COl T· ICAB· ACK· IREQ 

When either CKO or CK 1 are high, data is considered 
available by the state machine in Figure 5 and consequent­
ly, DAY = CKO + CK1. After CAB goes high, E1-
goes active, EO- inactive, and CKO goes low [state 0101]. 

The next time CAB goes high, CK 1 goes low to signify that 
the input registers are empty again [state 0100]. The state 
counter then automatically progresses [0000]. 

The machine waits for DS - to go inactive before allowing 
another cycle so that double clocking does not occur on 
one write cycle. 

Transfer to the Host 
When data is transferred to the Host from the controller, 
the handshake happens so quickly that there is a possibility 
that the interface will not see it and for this reason ACK -
must be latched until the 7C330 signals [moves CD IT -
high] to release it. 

In this case, CDIT- is a signal that signifies that there is 
room in the receiving buffer for a data transfer. CBA is the 
clock for the input buffer and it goes high when CD IT -
goes low or afterwards. 

ACK- 1 I .... 1 __ _ 

COlT- ~2-+3-F=3==t4~ 
I ~~I -----

CBA I I 
Figure 7. Controller to Host Transfer 

Definitions for Figure 7: 
1. TAT: Asynchronous turnaround time (8 ns). 

0130-7 

2. TLA: Latency time delay; this consists of device propa-
ICAB· ICDI T + COl T· ICAB· ACK· IREQ gation delays plus 0 or 1 clock cycles. For preliminary esti­

mates, assume a 20 ns clock and 15 ns of delay. (25 ns 
average). 

0130-6 3. TC: Clock period. (20 ns). 
Figure 6. System Transfer to SCSI 

The state diagram for the associated system transfer to the 
SCSI controller is shown in Figure 6. EO- and E1- are 
output enables for the two input registers; CKO and CK1 
are clocks for the same two registers; CTS - is a signal to 
the Host system that these registers are empty. 

At the beginning [state 0000], EO- and E1- are inactive, 
the clocks are low, and CTS - is active [0]. When DS - is 
asserted, the clocks go high to capture the data, EO - goes 
active and CTS - goes inactive to signal that the registers 
have been loaded [state 1011, CTS- = 1]. 

4. TDO: Delay to output (15 ns). 

Figure 7 shows the relevant timing for this transfer cycle. 
The cycle time can be estimated from the rising edge of 
CD IT - to the next similar edge. In this case, it is reason­
able to expect a cycle time of about 80 ns. 
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Output: ~ 
In puts: '-1 -A-CK---.I .... c-K-O-.I .... c-K-1 ... I-o-s ... 1 

IDS' (/CKO + ICK§CK 

Figure 8. SCSI Tranfer to Host 

Figure 8 shows the state diagram for this cycle. 

EO 1 E1 1 Outputs: 1 CKO 1 CK1 1 RTS 1 

~ Inputs: 1 COlT 1 OS 1 

~
o 

lOS OS 

11 OS 

Figure 9. Transfer to Host System 

0130-8 

0130-9 

Figure 9 shows the data diagram for the system to interface 
transfer cycle. 

Staging Considerations 
Staging considerations include the initialization, startup, 
and change of direction of the interface. The signal 'I/O' 

from the SCSI port mandates the direction of transfer, and 
this changes during the process of command completion, 
so there is a need to make sure that the relevant state ma­
chines are all qualified by '10'. 

A readback path is provided for the CPU on the Host 
system to be able to read the SCSI signals directly. The 
signal DS - is reserved for normal data, but the signals 
CSO - thru CS 1 - allow DO on the system data bus to be 
used to read SCSI signals. 

The following addresses apply: 

CSO = 0: enable readback to DO 

CSO = 1: disable readback 

CS2,CS 1: 00 - BSY 

CS2,CSl: 01 - C/D 

CS2,CSl: 10 - I/O 

CS2,CSl: 11 - REQ 

The reset function for SCSI Controllers is independent of 
the Host interface controller. In the schematic of Figure 10, 
the signal RST is set by the Host system and this simply 
forces the RST - signal low on the interface. 

The controller can be reset at any time by asserting INIT­
from the Host system. If the code 001 is on CS2, CS 1, CSO 
then a select is performed: SEL - is pulled low until 
BSY - appears. 

The transfer of data to the interface, in particular the de­
vice select code, should be done before the selection se­
quence is performed. After INIT - is released, data can be 
transferred normally and the REQ, ACK handshake will 
operate properly. 

The transfer of diagnostic data (i.e. sense byte, errors) to 
the Host will be indicated by the DIAG - flag which is set 
until INIT - is asserted. 

10-91 
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CYPRESS 
SEMICONDUCTOR 

Thermal Management and 
Component Reliability 

One of the key variables determining the long-term reliabil­
ity of an integrated circuit is the junction temperature of 
the device during operation. Long-term reliability of the 
semiconductor chip degrades proportionally with increas­
ing temperatures following an exponential function de­
scribed by the Arrhenius equation of the kinetics of chem-
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ical reactions. The slope of the logarithmic plots is given by 
the activation energy of the failure mechanisms causing 
thermally activated wear out of the device (Figure 1). 

Typical activation energies for commonly observed failure 
mechanism in CMOS devices are shown in Table 2. 

I , 
I / 

~ I-- ~ I 

... fj - c:;,01 
...... 'l 

I I 

" 
, 

/ 
I , / 

If ./' 
~~ 

Nt-- (). 
..... , .JI' 

~t7 - ~e~ V 
()7 ./ 

~e'>l O· 
~ ~ 

~ ~ 
./~ 

-- en 
_0 

~ .", 
CD'- z- U 

200175 150 125 100 75 50 25 

TEMPERATURE (C) 
0064-1 

Figure 1. Arrhenius plot, which assumes a failure rate proportional to EXP ( - EA/kT) 
where EA is the activation energy for the particular failure mechanism 
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Table 2. Failure Mechanisms and 
Activation Energies in CMOS Devices 

Approximate Failure Mode Activation Energy (EQ) 

Oxide Defects 0.3eV 

Silicon Defects 0.3 eV 

Electromigration 0.6eV 

Contact Metallurgy 0.geV 

Surface Charge 0.5-1.0 eV 

Slow Trapping 1.0eV 

Plastic Chemistry 1.0eV 

Polarization 1.0eV 

Microcracks 1.3 eV 

Contamination 1.4eV 

To reduce thermally-activated reliability failures, Cypress 
Semiconductor has optimized both their low power gener­
ating 1.2,... CMOS device fabrication process and their high 
heat dissipation packaging capabilities. Table 3 demon­
strates this optimized thermal performance by comparing 
bipolar, NMOS and Cypress high speed lK SRAM CMOS 
devices in their respective plastic packaging environments 
under standard operating conditions. 

Table 3. Thermal Performance of 
Fast lK SRAMS in Plastic Packages 

Technology Bipolar NMOS 

Device Number 93422 9122 

Speed (ns) 30 25 

IcC (mA) 150 110 

VccCV) 5.0 5.0 

PMAX(MW) 750 550 

Package RTH (JA) eCIW) 120 120 

Junction Temperature eq 160 136 
at Data Sheet PMAX* 

*T ambient = 70°C 

Cypress 
CMOS 

7C122 

25 

60 

5.0 

300 

70 

91 

The Cypress 7C122 device, during its normal operation, 
experiences a 91°C junction temperature, whereas competi­
tive devices in their respective packaging environments see 
a 45°C and 69°C higher junction temperature. In terms of 
relative reliability life expectancy, assuming a 1.0 eV acti­
vation energy failure mechanisms, this translates into an 
improvement in excess of two orders of magnitude (lOOX) 
over the bipolar 93422 device and more than one order of 
magnitude (30X) over the NMOS 9122 device. 
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Thermal Performance Data of Cypress 
Component Packages 
The thermal performance of a semiconductor device in its 
package is determined by many factors, including package 
design and construction, packaging materials, chip size, 
chip thickness, chip attachment process and materials, 
package size, etc. 

Thermal Resistance (8 JA, e Jd 
For a packaged semiconductor device, heat generated near 
the junction of the powered chip causes the junction tem­
perature to rise above the ambient temperature. The total 
thermal resistance is defined as, 

TJ - TA 
OJA=---

P 

and OJA physically represents the temperature differential 
between the die junction and the surrounding ambient at a 
power dissipation of 1 watt. 

The junction temperature is given by the equation: 

TJ = TA + P [OJA1 = TA + P [OJC + OCA] 

where: 

TJ - Tc Tc - TA 
OJC = --- and OCA = ~-----'-" 

P P 
T A = Ambient temperature at which the device is operated; 

Most common standard temperature of operation 
equals 70°C 

TJ = Junction temperature of the IC chip 

Tc = Temperature of the case (package) 

P = Power at which the device operates 

OJC = Junction to case thermal resistance 

OJA = Junction to ambient thermal resistance 

OCA = Case to ambient thermal resistance 

The junction-to-ambient environment is a still-air environ­
ment where the device is inserted into a low-cost standard 
device socket and mounted on a standard .062" GIO PC 
board. For junction-to-case measurements, the same as­
sembly is immersed into a constant temperature liquid res­
ervoir approaching infinite heat sinking for the heat dissi­
pated from the package surface. 

The thermal resistance values of Cypress standard pack­
ages are graphically illustrated in Figures 4 through 7. 
Each envelope represents a spread of typical Cypress inte­
grated circuit chip sizes (upper boundary = 5000 Mils2, 

lower boundary = 30,000 Mils2) in their thermally opti­
mized packaging environment. 

All thermal characteristics are measured using the TSP 
(Temperature Sensitive Parameter) test method described 
in MIL STD 883C, Method 1012.1. A thermal silicon test 
chip, containing a 250. diffused resistor to heat the chip 
and a calibrated TSP diode to measure the junction tem­
perature, is used for all characterizations. 
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Figure 4. Thermal Resistance of Cypress Plastic DIP Packages 
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Figure 5. Thermal Resistance of Cypress Cerdip Packages 
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Figure 6. Thermal Resistance of Cypress Hermetic Chip Carriers (HLCC) 
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Figure 7. Thermal Resistance of Cypress SOICs 
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Packaging Materials 
CYPRESS PLASTIC PACKAGES 
INCORPORATE: 
• High thermal conductivity copper lead frame. 

• Molding compound with high thermal conductivity. 

• Silver filled conductive epoxy as die attach material. 

• Gold bond wires. 

CYPRESS CERDIP PACKAGES 
INCORPORATE: 
• High conductivity Alumina substrates. 

• Silver filled glass as die attach material. 

• Alloy 42 lead frame. 

• Aluminum bond wires. 
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Package Diagrams 
16 Lead (300 MIL) Cerdip D2 

o 005 MIN .• lor--~PIN 1 MILM 38510 D·2CONFIG 1 

I DIMENSIONS IN INCHES 
0230 MIN JO MAX 

~ -I ~ ~SEATING PLANE 

I
• 0.745 . I 0.140 f.-- 0.290 

0.785 0.175 I c:: 0.320:;1 

0.155 fEmmr11! ~ 
."" t= ~ ~ :rs-J_~ ~~*' 

0.125 I I II 0.060 I 0.012 1 

0200 I I -11-- I-0.330_ 
. -- I-- 0.045 0.Q15 0.390 

0.090 0.065 0.020 
Q.1Tci 

20 Lead (300 MIL) Cerdip D6 
MIL. M 38510 0·8 CONFIG. 1 

0.005M~r-- PIN1 

oaO.245 
0.310 

~ 

DIMENSIONS IN INCHES 
MIN. 

MAX. 

SEATING 
PLANE 

~ ~:~j~-j 
0.930 0.140 r;=~~ 
0.970 0.175 0.320 

0.155~~T.~ 0.200 li 
0.125 I 0.009 2:-
0.200 I 0.015 0.012 15' 

C ,,,~g:.::: iiOiii I-:~-J 
0.110 M20 
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18 Lead (300 MIL) Cerdip D4 

MIL M 385100-6CONFIG. 1 

DIMENSIONS IN INCHES 
MIN. 
MAX. 

SEATING PLAN E 

I--~--l 
I C 0.320 :::J I 

22 Lead (400 MIL) Cerdip D8 
MIL M 38510 0-7 CONFIG. 1 

0.005 MIN. PIN 1 

1[1--_ -_ TTTT'T"T"T+r-'1 DIMENSIONS IN INCHES 0.360 MIN. 15 MAX: 

0.025 I-- SEATING PLANE 

1 .050 0.045 0.140 0.390 

r---_~110 ---j 0.175 1C0.420::J1 

0.155rfim::~1! ~ 
''':J;q ~ ~J--MI ~ ~ t:: -L~'.,. 1~~ 

0.200 _I ~ o.ok- -d~ L:O.490-J 
0.090 0.065 0.020 
0.110 
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0.155 

0.200 

0.090 
0.110 

DIMENSIONS IN INCHES 

MIN. 

d (300 MIL) Cerdip D14 24 Lea 

MAX. 

DIMENSIONS IN INCHES 
MIN. 

MAX. 

SEATING 
PLANE 
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600 MIL) Cerdip D12 
24 Lead ( 0 0-3 CONFIG. 1 

MIL M 3851 

PIN 1 

DIMENSIONS IN INCHES 

MIN. 

MAX. 

SEATING PLANE 

(600 MIL) Cerdip D16 
28 Lead Dl0CONFIG.l 

Mll-M-38510 -

ENSIONS IN INCHES 
DIM MIN. 

MAx: 

II 
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40 Lead (600 MIL) Cerdip D18 

0.005 Ml \-- / PIN 1 

0015 
I JO 

MIL M 38510 0-5 CONFIG. 1 

DIMENSIONS IN INCHES 
MIN. 
MAX. 

0.065 -i l-
0.095 SEATING PLANE 

I--~:~~ -------I 0.140 1-~';~-1 
I I 0.175 . ----.1 

::=tww~~f.t~~ I t~ 
~:~[j ~ u 0.040 j L 0.060 L 0.630 ---J 

0.090 
Q.i1O 

0.090 0.060 0.D15 0.690 

0.110 0.020 

32 Lead (600 MIL) Cerdip D20 
(Preliminary) 

DIMENSIONS IN INCHES 

MIN. 
MAX. 

I-- 0.630 ----l 
0.690 

0.005 MIN. 

0.045 0.015 
0.065 0.020 

28 Lead (300 MIL) Cerdip D22 

11 ,/PIN1 

DOJ~ 
0.310 

~ 

0.095 

DIMENSIONS IN INCHES 

!!!!!!:. 

SEATING 
PLANE 

~ ~
0'065 

1.430 0.140 0290 
1.485 0.175 r-0:320 --j 

~~W-tl L!t,1 0.200 11d II 
0.125 I I 0.009 o· 
0.200 I I 111 III 0.015 0.012 W 

t ~Co.045 0.080 L j 
0.065 0.330 

Q;Ql!Q 0.Q15 o:39ii 
0.110 0.020 
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48 Lead (600 MIL) Sidebraze DIP D26 

[~===[::]~~~~~~~: ' ~~~g~s 
0.020-1 t SEATING 

1+----2.370 o:oso 0.100 PLANE I 2.430 0.200 

'WllllllillhiNJ~ ~ J ~ ~ , 0.070 0.012 
0.090 --I I- 0.035 0.015 --II- 0.120 ~ I 0.590' - I 
0.110 0.065 0.022 0.160 f.--0.620-1 

52 Lead (900 MIL) Bottombraze DIP D28 

1=~~~~=~~~~j:N' ;;~r 
0.030 'r 0.098 --I bJ) SEATING 

2560 . PLANE 
4---1 -2:640 • ~ 

::;:i~M PJ 
0.090 -I I- 0.030 ~ ~ 0.015 -II- 0.120"3" t 1 ~:l g:g:; 
0.110 0.060 0.020 0.160 0.009 / 0.880 

0.012 --It 0.920 

64 Lead (900 MIL) Bottombraze DIP D30 

[~=~~~=~==~~~~=~~~===];"' ;;flr' 
0.030 'I 
0.075 ---l ~ SEATING 

I. 3.160 . PLANE 
r----_......;.;,;;;..3.240 __ ~ 

0'15ill~~ ~ 
0.200 ~ ~ t 00 -I ~ 

, 150 0.065 -l 
0.090 --I I- 0.030 0.015 --II- 0.120 -.J 1 0.085 
0.110 0.060 0.020 0.160 0.009 / _ 0.880-"\ 

0.012--1t 0.920 
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16 Lead Rectangular Fiatpack F69 

(MIL-M-38510 F'-5 CONF'IG 2) 

0.045 PIN 1 DIMENSIONS IN INCHES ~~~'. 
0.055 1_ 

~ 

0.045 
0.055 

0.Q15 
0.019 

0.Q12 
0.045 

D~~~ 

20 Lead Rectangular Fiatpack F71 

PIN 1 

l_
t 

\ 
:-.-

T-

L 

r 
1_ 

MIN. 
X. DIMENSIONS IN INCHES MA 

~ 
0.480 
0.520 

&J 'l g:~~g I g:~~~ J 
0.050-l~ 

L 0.070 qr~;;;;;;';;;;;;;;;;';;;;;;;;;;';;;;;;;;1~"'" -----1--g-:g.L:~ 

TQ:.004 l~-0-.2-24-.J.fl-~=0.;;01~0~J~~t 
0.007 0.236 0.030 
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18 Lead Rectangular Fiatpack F70 

0.045 PIN 1""\ 

0.055 1 \ DIMENSIONS IN INCHES ~~~'. 

-~ 

~ 0.015 T-
0.019L 

r 
0.012 
0.020 1_ 

+ 

D~~:1~~ 
~ 

l g:~~g r- ~:~~~ ] 
0.030 -l.J:-

L 0.050 q"'+---~;a.o -----1--g-:~.L~g 

TQ:.004 LI.----.~1~0.2=0=0==0=.0=2~6~J~~t 
0.007 0.250 0.040 

24 Lead Rectangular Flatpack F73 

(MIL-M-38510 F'-6 CONF'IG 2) 

0.045 PIN 1 DIMENSIONS IN INCHES ~ 
0.055 1_ 

0.012 
0.045 1_ 

f 
IJ 

l ~:~~~~ ~:~~~ J 
0.050 I-
0.070 q _____ ...L.. 

4 0.060 

L ~~~~n+~====~-1~~0.~090 
TQ:.003 ~ 0.270 .J 0.010 ] t 

0.006 0.290 0.030 
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42 Lead Rectangular Flatpack F76 

0.045 PIN 1 

~ 0.055 1 
@) 

t 

0,018 
0.022 0 1 TO 1.07 

MAX 

0.012 
0.045 

T 

1 ~LR 
0.100 
MAX. J 

~.~00~7==1'~'~'~~1~~~~~1~~ 
0.010 I--g::;g---l-g:;~;-1 f LO.040 

0.060 

68 Pin Grid Array Package G68 

TYP. ~ 0.100 

0.988 
1:012 

r-~:~~~I 
0000000$ 

$000000000 1 
~~11 III ~~ o.~, 00 D 00 1.012 

~~ ~~ ~:~~~ 
00 00~ 
00 00 
$000000000 

$0000'00$ 
BonOM 

TOP 1 
1.088 
f:fi2 

J 
PIN#1 I· 1.088_1 

1.112 
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~~~NDUcrOR===================================================================== 

20 Lead Plastic Leadless Chip Carrier J61 

DIMENSIONS IN INCHES 
MIN. 

0.350 ~ 
0.356 

0.385 
0.395 

MAX. 

32 Lead Plastic Leadless Chip Carrier J65 

1 32 31 30 

in O."'TYP. ']'25 TYP.~J; 

1

-11- 0.Q13 I [t t 
, 0.021 0.390 ---l 0.015MIN. 

0.430 

1 
0.490 
0.530 

11-12 

28 Lead Plastic Leadless Chip Carrier J64 

OIMENSIONS IN INCHES 
MIN. 
MAX. 

PIN 1 

44 Lead Plastic Leadless Chip Carrier J67 
DIMENSIONS IN INCHES 

MIN. 
MAX. 



0.785 
0.795 

0.750 
0.756 

52 Lead Plastic Leadless Chip Carrier J69 

DIMENSIONS IN INCHES 

~ 
MAX. 

PIN 1 

[G- 0.750 
0.756 

0.785 
0.795 

.1 

0.985 
0.995 

68 Lead Plastic Leadless Chip Carrier J81 

0.958 

------ ~:::~ 

DIMENSIONS IN INCHES 
!A.!!!:. 
MAX. 

PIN 1 

11-13 

Package Diagrams 

m 



~ Package Diagrams 
~~~U~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

16 Lead Rectangular Cerpack K69 

(MIL-M-38510 F-5 CONFIG 1) 

PIN 1 1.0. 

0.045 
0.055 

TOP VIEW 

0.045 MAX. 

0.004 

I 
£0.009 

g:g~; , r 0.026 SEAnNO t 
I--O.246-j 

0.280 0.040 PLANE 

0.250 
0.350 

20 Lead Rectangular Cerpack K71 

0.004 

.~==J:======L __ £ 0.009 I :=2: 
i=0.=25=0:t:1 ===0.=25=0==:::l1r::0.=25=0~1-L 0.026 SEATING 

0.350 0.300 0.350 0.040 PLANE 

11-14 

PI1 1.0. 

0.045 I 

O'T] 

18 Lead Rectangular Cerpack K70 

(MIL-M-38510 F-10 CONFIG 1) 

--1-

0.045 
0.055 

TOP VIEW 

0.085 MAX. 

0.004 

I 
£0.009 

::2= 
0.250 I--0.250------l 0.250 I-L 0.026 SEATING 
0.350 0.300 0.350 0.040 PLANE 

24 Lead Rectangular Cerpack K73 

(MIL-M-38510 F-8 CON FIG 1) 

0.004 .tso==s======L-...... £ 0.009 

g:;tj' : :2:: 
Ti=0'=26=0+1 ===0.=36=0==:::f1 =0=.2=60~1 L 0.026 SEATING 

0.325 0.400 0.325 I- 0.040 PLANE 



~ Package Diagrams 
~~~NDUcrOR ==================================================================~=== 

PIN 1 1.0. 

28 Lead Rectangular Cerpack K74 

(MIL-M-38510 F-ll CONFIG 1) 

20 Pin Rectangular Leadless Chip Carrier LSI 
(MIL-M-38510 C-13) 

BOTTOM 

TOP 

I 0.045 

~0.055 
--.16PLCS 

I DIMENSIONS IN INCHES 

--t----<t. MIN. 
MAX. 

n SIDE 

0.435 

I I

I 0.420 

C'3"_~ 
0.300 \ 

__ 0.050 

0.066 

11-15 

18 Pin Rectangular Leadless Chip Carrier LSO 
(MIL-M-38510 C-l0A) 

TOP n 
0.417 
0.433 

t=~Jl 
0.300 

0.008R 
18 PLCS 

DIMENSIONS IN INCHES 
MIN. 
MAX. 

- 0.075 I 
0.060 

SIDE 

I _ 0.050 

~ 0.068 

22 Pin Rectangular Leadless Chip Carrier LS2 

0.045 

0.055 ...---iiil:::=f---

TOP 

..l.0.022 

,0.028 

0.484 

0.496 

~J 
0.296 

DIMENSIONS IN INCHES 

MIN. 
MAX. 

-I 

I-- 0.060 
I 0.075 

SIDE 

I-- 0.050 
0.063 

ID 



~ Package Diagrams 
~~~NDUcrOR ===================================================================== 

24 Pin Rectangular Leadless Chip Carrier L53 

TOP 

DIMENSIONS IN INCHES 

MIN. 

0.020 
0.030 

0.008 R 
24 PLACES 

n 
0.392 
0.408 

MAX. 

I- 0.062 
I 0.078 

SIDE 

~_Q.ill~U 
0.308 

0.050 
0.066 

32 Pin Rectangular Leadless Chip Carrier L55 

(MIL-M-38510 C-12) 

TO~ 

-1 0•022 

to.028 

0.540 
0.560 

~J 
0.458 

DIMENSIONS IN INCHES 

MIN. 
MAX. 

I-~ 
I 0.090 

SIDE 

I-- 0.050 
0.080 

11-16 

28 Pin Rectangular Leadless Chip Carrier L54 

(MIL-M-38510 C-11A) 

0.045 
0.055 ....--!!F't---

TOP 

DIMENSIONS IN INCHES 

MIN. 

--E3E-Ci.. 

--.l 0.022 
t 0.028 

MAX. 

I- 0.060 
I 0.075 

SIDE 

I 0.054 
1-0•063 

20 Pin Square Leadless Chip Carrier L61 

(MIL-M-38510 C-2A) 

[~*1 0.045 

.I""II"L.r"II.Ir"'LIIr""'UI~,r 0.055 

DIMENSIONS IN INCHES 

0.045 + 
0.055 -.---:EJ--

TOP 

-.l 0.022 
t 0.028 

MIN. 
MAX. 

I- 0.060 
I 0.075 

SIDE 

I 0.054 
1-0.066 



~ CYPRESS Package Diagrams 
~~I~cr~================================================================ 

0.045 

0.045 

28 Pin Square Leadless Chip Carrier L64 

(MIL-M-38510 C-4) 

0.055 ..---F'I---

DIMENSIONS IN INCHES 

MIN. 
MAX. 

- n 
TOPD 

:~ g:1~~ 

~~~u 
0.458 

-I 

I- 0.064 
I 0.078 

SIDE 

LO.045 
1- 0.066 

44 Pin Square Leadless Chip Carrier L67 
(MIL-M-38510 C-5) 

DIMENSIONS IN INCHES 

MIN. 
MAX. 

0.055 ....--E'I-----

TOP n 
0.640 
D.6&O 

I ~L--• .....:"' __ .... -* -. 0.640 ,,_.....:"'...:-----l~ :lJ 
0.880 

11-17 

-I 

SIDE 

I..-0.054 O.OBB 

II] 



~ Package Diagrams 
~~~U~================================================================ 

PIN NO.1 
INDEX""',;;: 

48 Pin Square Leadless Chip Carrier L68 

I 

I ---------.----------

I 

i 

. I 0.078 0.054 -l0.066~ 1 0.066 

~ 0.0075R 
, , ,REf. 

~ 
~ (48 PLCS.) 

0.040:1: .003 0.020:1: .003 -J 1'- I "-- 0.0075 R REf. 
0.440:1: .005 (3 CORNERS) 

0.560 SQ.:I: .005 

l 

11-18 

52 Pin Square Leadless Chip Carrier L69 

I 

I 
---------------------

I 

I 

1 0.086 ~ 0.100 

0.072_1 
0.088 I 



~ Package Diagrams 
~~~~UaoR================================================================== 

68 Pin Square Leadless Chip Carrier L81 
(MIL-M-38510 C-7) 

0.045 

~.-~~------------

TOP 

1-------------- 0.938 _____________ + 
0.962 

DIMENSIONS IN INCHES 

MIN. 
MAX. 

16 Lead (300 MIL) Molded DIP PI 18 Lead (300 MIL) Molded DIP P3 

02~0 
0270 

-- ~ 

DIMENSIONS IN INCHES 
MIN. 
MAX. 

0.015 SEATING PLANE 

C
--:d4PIN1 

~ '~ SEATING PLANE 

~ rp:~~j~:~!~ 
.,~ tVVV""mi\m 

~:::!: J~~~ 

0.035 

'''' =:j"~ r;:; ,~ ~ 
.1,... ____ 07_7_' ~fm'·'" . 

0.009 15-
0.015 0012 

II 0.060 I 0.310 . I 
--11-- I--- 0.385 ---I 

0.015 
0.020 

--l I-- 0.055 0.015 
0.090 0.065 0.020 
0.110 

11-19 

r-- 0.280~ 
I c:: 0.325 1 

~~ +~ ~~ 
I 0.310 ._--1 
f--- 0.385 II 



~ Package Diagrams 
~~~~UcrOR===================================================================== 

20 Lead (300 MIL) Molded DIP P5 

22 Lead (300 MIL) Molded DIP P9 

I :::::::::A~ 
0.065 

~ t-
0.090 
0.110 

DIMENSIONS IN INCHES 

MIN. 
MAX. 

o 
150 

11-20 

22 Lead (400 MIL) Molded DIP P7 
PIN 1 

C-- DIMENSIONS IN INCHES 
MIN. 

__ .1 MAx 

0125 I I II 0.060 I 0.410 I 
0.200 I I --11-- I--- 0.485 -----+j 

--l I-- 0.055 0.015 
0.090 0.065 0.020 
0.110 

24 Lead (600 MIL) Molded DIP PH 
PIN 1 

DIMENSIONS IN INCHES 

0.060 -I 
1230 M80 _ r,=o.570=J t===-'--- 0.140 0.625 

0.155 ;wl~:ITTr1 j DE L5 } 

0.200 !! lmfir ~~ 1\ 
0.125 J . 0.055jt 0.015 I I 
0.200 0.065 0.015 0.060 I----~--.J 

0.090 0.020 0.685 
0.110 

o· 
15· 

o· 
150 



~ Package Diagrams 
~~~~UcrOR~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~= 

24 Lead (300 MIL) Molded DIP PI3/PI3A 
/PINI 

00----' DIMENSIONS IN INCHES 
I MIN. 

0.250 MAX. 
0.270 

----*-

0.160 ~~ NOTU ~: r. 0.325 ~ 
NOTEB-.j fijSEATINGPLANE 

0.280 

O'l90lJd~m-1J m 0.125 0009 ~ 
0200 ~ [0.015 0:012 15" 

T O.055Cj~ 0.060 I I 
0065 f-- 0.310--l 

0.090 . 0.015 0.385 
0.110 0.020 

1.170 
NOTE A: P13 = 1.200 

Pl3A = ~::: 

NOTE B: P13 = :::: 

P13A= ::: 

40 Lead (600 MIL) Molded DIP P17 

11-21 

28 Lead (600 MIL) Molded DIP PIS 

0.090 
0.110 

PIN I 

DIMENSIONS IN INCHES 

MIN. 

MAx: 

28 Lead (300 MIL) Molded DIP P21 

DO
/PIN I DIMENSIONS IN INCHES 

~ MIN. 
0.250 MAX. 

0.270 

~ 
0.030 ----I ijl SEATING PLANE 

0.080 I-- 0.280 

I' 1.370 "\ 0.120 rrQ.325 ~ 

~:Lwr'w~,,~~ 
~,Y ~ f--JL,.,:'" L:~-J 

0.110 0.055 0.020 

0.065 

II 



48 Lead (600 MIL) Molded DIP P25 

0.065 i 
0.085 -I 

PIN#l 

DIMENSIONS IN INCHES 

MIN. 
t.lAX. 

SEATING PLANE 

I' 2.420 'I 0.150 2.440 o:i7O 

o,f.;J1 
0'570~ 0.625 

0.210 
.:LJ! 

~= I 
0.125 
0.200 0,015 

--0.-00-9---------J~~ 1~ 
0.012 I\\-

f .... 
1-___ 0.600 ---+\' I 

0.700 0.090 0.045 0,015 
0.110 0.055 0.020 

64 Lead (900 MIL) Molded DIP P29 

PIN#l 

o 
I
, 3.1~ 

3.240 

o.~~"--------r---+ 
0.225 

-'-0.120 
0.160 

-t-~ ~ 
0.090 
0.110 

0.055 
0.065 

11-22 

0,015 
0.020 

DIMENSIONS IN INCHES 

MIN. 
t.lAX. 

SEATING PLANE 

" g~~ 
'~~,~ -I-~~~\-
I 1.010 I 

• 1.062 ' 



~ Package Diagrams 
~~~~UcrOR======================================================================= 

32 Pin Windowed Rectangular Leadless Chip Carrier QSS 20 Pin Windowed Square Leadless Chip Carrier Q61 

[

PIN #1 __ 0.045 

1""'I~~~r"'Lj~1 0.055 

DIMENSIONS IN INCHES 

0.045 

DIMENSIONS IN INCHES 

MIN. 
MAX. 

0.045 + 
0.055 .,-~I---

0.055 -r--E3--- ---E3io- <t 

TOP 

...1 0.022 
t o.028 

0.008 R 
32 PLACES ----n 

@ ~:~:~ 

~J 
0.458 

~0.084 
I 0.110 

SIDE 

I 0.050 
1-- 0.080 

TOP 

28 Pin Windowed Leadless Chip Carrier Q64 

0.045 
0.055 .--:EJ--- ----ElE-<L 

DIMENSIONS IN INCHES 

MIN. 
MAX. 

-*- 0.022 
t 0.028 

" n 
0.442 

WINDOW 0.458 

0.190 DIA U 0.300 

I=g:1~i~ 

11-23 

~ 0.087 
I 0.114 

SIDE 

I 0.045 
1-0•066 

~ 0.022 
t 0.028 

MIN. 
MAX. 

I- 0.084 
I 0.110 

SIDE 

I 0.054 
1-0 .066 

II 



~ CYPRESS Package Diagrams 
_F~f1CONDUCTOR ================================== 

16 Lead Molded SOIC SI 

PIN 1 

'L 
I
' 0.397 "I 0.413 

0.105 

DIMENSIONS IN INCHES 

MIN. 
MAX. 

LEAD COPLANIARITY 0.004 MAX. 

SEATING PLANE 

45° CHAMF' 
PIN#1 1.0. 

~o.ot 
~~ 

I I II t 0.003 -l I- - - 0.012 
0.047 
0.053 

0.013 
0.019 

0.015 J . r ~::'; 
0.050 

0.393 

0.420 

18 Lead Molded SOIC S3 

PIN 1 

'L 
0.463 I 0.447 "' 

~0.l2 0.105 

U 

j L -IL g:g~~ 
0.047 
0.053 

0.013 
0.019 

11-24 

DIMENSIONS IN INCHES 

MIN. 
MAX. 

LEAD COPLANIARITY 0.004 MAX. 

SEATING PLANE 

0.393 

0.420 
:110.007 

0.015 Q.013 
0.050 



~ CYPRESS Package Diagrams 
WnICONDucroR ============================================================ 

20 Lead Molded SOIC S5 

PIN 1 

1 
I' 0.497 I 0.513 

~"t, 0.105 

~~ 
0.003 I I IL t -1 I- - 0.012 

0.047 
0.053 

0.013 
0.019 

DIMENSIONS IN INCHES 

MIN. 
MAX. 

LEAD COPLANIARITY 0.004 MAX. 

SEATING PLANE 

0.393 

0.420 

45° CHAM. 
PIN#1 1.0. 

:j===t 0.007 
0.015 __ Q.Oi3 
0.050 

24 Lead Molded SOIC S13 

I 0.597 I 
0.615 

~'.'t, 0.105 

~~ 

j L _11_ ~:i~~ 
0.047 0.013 
0.053 o:oi9 

11-25 

DIMENSIONS IN INCHES 

MIN. 
MAX. 

LEAD COPLANIARITY 0.004 MAX. 

SEATING PLANE 

00" J .11::,; 
0.050 

0.393 

0.420 
II 



~ CfPRISS Package Diagrams 
~~~oo~u~============================================~==========~~== 

28 Lead Molded SOIC S21 

PIN 1 

DIMENSIONS IN INCHES 

MIN. 
MAX. 

LEAD COPLANIARITY 0.004 MAX. 

'L 
SEATING PLANE 

I' 0.697 'I 0.713 

~"~2 0.105 

U! 
0.003 I I IL t -l I- - 0.012 

0.047 
0.053 

0.013 
0.019 

24 Lead Windowed Cerpack T73 
(Preliminary) 

~ 
~ 

0.393 

0.420 

0.004 

0.080 ==:::J:======t-- £ 0.008 

:j10 •007 

0.015 _ 0.013 

0.050 

o.~; :=2= 
T -l 0.260 I 0.360 I 0.260 lL 0.026 SEATING 

0.325 I--- 0.400 ---..I 0.325 0.040 PLANE 

11-26 



I 

28 Lead Windowed Cerpack T74 
(Preliminary) 

0740 --------1 
MAX. 

0.005 r 
0.015-" " " [I/V-- PIN 1 I.D. 

CJ t 
0.245 

+------f----l-°·Y5 
I I 

I I 
Lo.050 

1- 0.295 _ 
0.015 __ _ 0.305 
0.022 

20 Lead Molded SOJ VS 

0.040 

0.330 
0.350 

! 

-~-g:g~~ 
t 

~~I'IT'\ U 0.120 
I 0.140 

'0.4.7 U U~5 
0.513---' L~8 

0.050 

11-27 

_11- 0
.
003 

I 0.009 

J~ 

-r 
0.250 

I' 
0.340 
0.380 

J 

~ 0.026 SEATING PLANE 
0.040 

0.070 
0.100 

III 



~ CYPRESS Package Diagrams 
~~~~~================================================~~~~~~~ 

0.047 
0.053 

24 Lead Molded SOJ V13 

0.291 
0.300 

0.330 
0.350 

! 

0.040 
0.050 

0.031 R 
0.042 • 

28 Lead Molded SOJ V21 

0.040 

0.291 
0.300 

~~l 
0.330 
0.350 

! 

0.050 

" .... --- .......... 

0.011 X 450 -I I 
0.016 1-

/ , 

11-28 

I 
( 

I 
\ 
\ 

" 
'-

0.262 
0.272 



~ Package Diagrams 
~~IOO~UcrOR==================================================~========~==== 

20 Lead Windowed Cerdip W6 

0.015 -l 
0.035 

PIN 1 

t 
0.140 0.245 

0.310 

! 

DIMENSIONS IN INCHES 

MIN. 
MAX. 

II
·SEATIoNG'29POU~ 

1'41_-----0
.
930 -----0.-11 0.140 :::::I I 

0.

155

t3r ____ 0.970 ----ijo.175 ~0'320 
0.200 

0.1 25 1---.---"'- ~ 0 

0.200 0.015 _0.009 15° 
0.060 0.012 I-- 0.330 ---1 I 

-l f.-
0.090 
0.110 

0.050 
0.065 

0.015 
0.020 

0.390 

24 Lead (600 MIL) Windowed Cerdip W12 

0.253 
0.275 

0.065 __ I I 
0.085 l.-

1.285 0.175 I' 1.230 'I 0.140 

::~!:f5r--WJ [~5 
~:~;~ 0.01 d 1 L ~:~;;o 

0.020 ~ 

11-29 

DIMENSIONS IN INCHES 

MIN. 
MAX. 

SEATING PLANE 

r- 0
.
590 -j 1 r::: 0.620 ::11 

lo.!o.' . ~,~, 
0.012 ~ 

I-- 0.630 --1 
0.690 

II 



~ CY'MSS Package Diagrams 
W~IcONDUcrOR ========================================== 

24 Lead Windowed Cerdip W14 

r- g::!~ -1 
0.005 MIN'-j ~ I 

~~~~~~~~I----~ 

0.125 
0.155 

DIMENSIONS IN INCHES 

MIN. 
MAX. 

SEATING PLANE 

r- 0.290--j 

1 c: 0.320 ::t 1 

loLl .~,~o 
0.012 ~ 

0.090 
0.110 

0.045 
0.065 

0.015 
0.020 

I-- 0.330 --l 
0.390 

28 Lead (600 MIL) Windowed Cerdip W16 

DIMENSIONS IN INCHES 

MIN. 
MAX. 

~ -.1 ~ /- SEATING PLANE 

11--< ____ 1.450 'I 0."0 rc 0.590 ;l 
::~:: ~ ~1.'90 ~J [=r 0.620 

0200 LU U IUI- 0.015 

g:~~g O.D1d ~ g:;;;O 
0.020 

11-30 

o 
15° 



0.125 
0.155 

32 Lead (600 MIL) Windowed Cerdip W20 
(Preliminary) 

0.045 
0.065 

0.015 
0.020 

GLASS LENS 

PIN 1 

I 
0.245 
0.310 

~~~ '-T-r-.....i--I-! 

DIMENSIONS IN INCHES 

MIN. 
MAX. 

SEATING PLANE 

I 0.630 I 1-0.690 • 

DIMENSIONS IN INCHES 

MIN. 
MAX. 

~ it SEATING PLAN, 

g:~~~~I. m~::~~-~'11~ / F~;l 
0.125L II t 
0.200 ~ ~ ~ L ~ I.- g:g!~ 

0.090 0.045 0.015 
0.110 0.065 0.020 

11-31 

m 



~RESS Package Diagrams 
WnEMlCONDucrOf< ;;"-'=';================================================== 

Typical Marking for DIP Packages (P and D Type) 

PLACE OF MFG. 
"USA" 

DATE CODE: SHIP CODE: ASSEMBLY CODE: ----------------------
XXYY IDENTIFIES SPECIFIC SHIPMENT IDENTIFIES THE SPECIFIC ASSEMBLY 

XX = YEAR LOTS TO CUSTOMERS. LOT THE PRODUCT CAME FROM. 
YY = WORK WEEK 

WEEK PARTS WERE MARKED (FOR PLASTIC) 
WEEK PARTS WERE SEALED (FOR HERMETIC) 

11-32 

0047-1 



~ Sales Representatives and Distribution 
~~~OIDucrOR================================================================== 
Direct Sales Offices 
California 

Cypress Semiconductor 
Corporate Headquarters 
3901 N. First Street 
San Jose, CA 95134 
(408) 943-2600 
Telex: 821032 CYPRESS SNJ UD 
TWX: 910 997 0753 
FAX: 408-943-2741 

Cypress Semiconductor 
23586 Calabasas Rd., Ste. 201 
Calabasas, CA 91302 
(818) 884-7800 
FAX: (818) 348-6307 

Cypress Semiconductor 
2151 Michelson Dr., Ste. 284 
Irvine, CA 92715 
(714) 476-8211 
FAX: (714) 476-8317 

Cypress Semiconductor 
16496 Bernardo Center, Ste. 215 
San Diego, CA 92128 
(619) 487-9446 

Colorado 
Cypress Semiconductor 
4851 Independence St., Ste. 189 
Wheat Ridge, CO 80033 
(303) 424-9000 
FAX: (303) 424-0627 

Florida 
Cypress Semiconductor 
10014 N. Dale Mabry Hwy., 101 
Tampa, FL 33618 
(813) 968-1504 
FAX: (813) 468-8474 

Illinois 
Cypress Semiconductor 
1530 E. Dundee Rd., Ste. 190 
Palatine, IL 60067 
(312) 934-3144 
FAX: (312) 934-7364 

Maryland 
Cypress Semiconductor 
9891 Brokenland Parkway, Ste. 300 
Columbia, MD 21045 
(301) 290-5921 
FAX: (301) 290-5285 

Massachusetts 
Cypress Semiconductor 
2 Dedham Place, Ste. 1 
Dedham, MA 02026 
(617) 461-1778 

Minnesota 
Cypress Semiconductor 
14525 Hwy. 7, Ste. 115 
Minnetonka, MN 55345 
(612) 935-7747 
FAX: (612) 935-6982 

Oregon 
Cypress Semiconductor 
6950 S.W. Hampton St., Ste. 217 
Portland, OR 97223 
(503) 684-1112 
FAX: (503) 684-1113 

Pennsylvania 
Cypress Semiconductor 
2 Neshaminy Interplex, Ste. 203 
Trevose, P A 19047 
(215) 639-6663 
FAX: (215) 639-9024 

Texas 
Cypress Semiconductor 
333 West Campbell Rd., Ste. 220 
Richardson, TX 75080 
(214) 437-0496 
FAX: (214) 644-4839 

Cypress Semiconductor International 
51 Rue du Moulin a Papier, Bte 11 
1160 Brussels, Belgium 
Tel: (32) 02 672 2220 
Telex: 64677 CYPINT B 
FAX: (32) 02 660 0366 

France 
Cypress Semiconductor France 
Bureaux de Sevres 
72-78 Grande Rue 
92310 Sevres 
Tel: (33) 1 453 410 10 
Telex: 631606 
FAX: (33) 1 453 401 09 

Germany 
Cypres~ Sl:miconductor GmtH. 
Hohenlinder Str. 6 
D-8016 h:ldkin:hen 
Tel: (49) 089 903 10 71 
FAX: (49) 089 903 8427 

United Kingdom 
Cypress Semiconductor U.K. 
Business & Technology Centre 
Bessemer Drive, Stevenage 
Hertfordshire, SG 1 2DX 
Tel: (44) 0438 310 118 
Telex: 94013897 CYPR G 
FAX: (44) 438 740141 



~ Sales Representatives and Distribution 
~~~~UcrOR================================================================== 
North American Sales Representatives 
Alabama 

CSR Electronics 
303 Williams Ave., Ste. 931 
Huntsville, AL 35801 
(205) 533-2444 
TWX: 510-600-2831 
FAX: 205-536-4031 

Arizona 
Luscombe Engineering 
7533 E. First Street 
Scottsdale, AZ 85251 
(602) 949-9333 
FAX: (602) 949-9095 

California 
Cypress Semiconductor 
Corporate Headquarters 
3901 N. First Street 
San Jose, CA 95134 
(408) 943-2600 
Telex: 821032 CYPRESS SNJ UD 
TWX: 910 997 0753 
FAX: 408-943-2741 

Cypress Semiconductor 
23586 Calabasas Rd., Ste. 201 
Calabasas, CA 91302 
(818) 884-7800 
FAX: (818) 348-6307 

Cypress Semiconductor 
2151 Michelson Dr.; Ste. 284 
Irvine, CA 92715 
(714) 476-8211 
FAX: (714) 476-8317 

Cypress Semiconductor 
16496 Bernardo Center, Ste. 215 
San Diego, CA 92128 
(619) 487-9446 

Taarcom 
451 N. Bailey Avenue 
Mountain View, CA 94043 
(415) 960-1550 

Canada 
E.S.P. 
447 McLeod St. Unit 3 
Ottawa, Ontario K1R 5P5 
(613) 236-1221 
FAX: (613) 236-7119 

E.S.P. 
5200 Dixie Road, Ste. 201 
Mississauga, Ontario L4W 1E4 
(416) 626-8221 
FAX: (416) 238-3277 

E.S.P. 
116 McKee St. 
Chateauguay, Quebec J6J 3N2 
(514) 592-1323 
FAX: (514) 691-2726 

Colorado 
Cypress Semiconductor 
4851 Independence St., Ste. 189 
Wheat Ridge, CO 80033 
(303) 424-9000 
FAX: (303) 424-0627 

Connecticut 
HLM 
3 Pembroke Road 
Danbury, CT 06810 
(203) 791-1878 
FAX: (203) 791-1876 

Delaware 
*L. D. Lowery 
2801 West Chester Pike 
Broomall, P A 19008 
(215) 356-5300 
FAX: (215) 356-8710 

Florida 
CM Marketing 
14350 Gulf to Bay Blvd. 
Clearwater, FL 34615 
(813) 443-6390 

CM Marketing 
6091-A Buckeye Ct. 
Tamarac, FL 33319 
(305) 722-9369 

CM Marketing 
PO Box 560776 
Orlando, FL 32856 
(305) 898-3596 

Cypress Semiconductor 
10014 N. Dale Mabry Hwy., 101 
Tampa, FL 33618 
(813) 968-1504 
FAX (813) 468-8474 

Georgia 
CSR Electronics 
1651 Mt. Vernon Rd., Ste. 200 
Atlanta, GA 30338 
(404) 396-3720 
TWX: 510 600 2162 
FAX: 404-394-8387 

Illinois 
Cypress Semiconductor 
1530 E. Dundee Rd., Ste. 190 
Palatine, IL 60067 
(312) 934-3144 
FAX: (312) 934-7364 

Micro Sales Inc. 
54 West Seegers Road 
Arlington Hts., IL 60005 
(312) 956-1000 
Telex: 510 6000756 
FAX: (312) 956-0189 

*This office is a duplicate of the listing that appears under its state of residence. 

Indiana 
Technology Mktg. Corp. 
599 Industrial Dr. 
Carmel, IN 46032 
(317) 844-8462 
FAX: (317) 573-5472 

Technology Mktg. Corp. 
3428 W. Taylor 
Ft. Wayne, IN 46802 
(219) 432-5553 
FAX: (219) 432-5555 

Iowa 
Midwest Tech. Sales 
2510 White Eagle Trail S.E. 
Cedar Rapids, IA 52403 
(319) 365-4011 
FAX: (319) 362-9832 

Kansas 
Midwest Tech. Sales 
21901 Lavista 
Goddard, KS 67052 
(316) 794-8565 

Midwest Tech. Sales 
15301 W. 87 Parkway, Ste. 200 
Lenexa, KS 66219 
(913) 888-5100 
FAX: (913) 888-1103 

Kentucky 
Technology Mktg Corp. 
4012 Dupont Circle 
Louisville, KY 40207 
(502) 893-1377 

Maryland 
Cypress Semiconductor 
9891 Brokenland Parkway, Ste. 300 
Columbia, MD 21045 
(301) 290-5921 
FAX: (301) 290-5285 

Massachusetts 
Cypress Semiconductor 
2 Dedham Place, Ste. 1 
Dedham, MA 02026 
(617) 461-1778 

Michigan 
Techrep 
2950 Packard Road 
Ypsilanti, MI 48197 
(313) 572-1950 
FAX: (313) 572-0263 

Minnesota 
Cypress Semiconductor 
14525 Hwy. 7, Ste. 115 
Minnetonka, MN 55345 
(612) 935-7747 
FAX: (612) 935-6982 
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North American Sales Representatives (Continued) 

Missouri 
Midwest Tech. Sales 
1314 Robertridge 
St. Charles, MO 63303 
(314) 441-1012 
FAX: (314) 447-3657 

New Jersey 
HLM 
1300 Route 46 
Parsippany, NJ 07054 
(201) 263-1535 

*L. D. Lowery Inc. 
2801 West Chester Pike 
Broomall, P A 19008 
(215) 356-5300 
FAX: (215) 356-8710 

New Mexico 
Quatra Associates 
9704 Admiral Dewey N.E. 
Albuquerque, NM 87111 
(505) 821-1455 

New York 
HLM 
64 Mariners Lane 
Northport, NY 11768 
(516) 757-1606 

Reagan/Compar 
3449 St. Paul Blvd. 
Rochester, NY 14617 
(716) 338-3198 

Reagan/Compar 
41 Woodberry Road 
New Hartford, NY 13413 
(315) 732-3775 

Reagan/Compar 
42 Winding Brook Drive 
Fairport, NY 14450 
(716) 271-2230 

Reagan/Compar 
3215 East Main St. 
P.O. Box 135 
Endwell, NY 13760 
(607) 754-2171 
(607) 754-8946 

North Carolina 
Tingen Tech. Sales 
2809 Millbrook Rd., Ste. 203 
Raleigh, NC 27604 
(919) 878-4440 
TWX: 510 928 0540 
FAX: 919 878 8681 

Ohio 
Lyons 
4812 Frederick Rd., Ste. 101 
Dayton, OH 45414 
(513) 278-0714 
FAX: (513) 278-3609 

Lyons 
4615 W. Streetsboro Road 
Richfield, OH 44286 
(216) 659-9224 
FAX: (216) 659-6214 

Lyons 
248 N. State St. 
Westerville, OH 43081 
(614) 895-1447 

Oregon 
Cypress Semiconductor 
6950 S.W. Hampton St., Ste. 217 
Portland, OR 97223 
(503) 684-1112 
FAX: (503) 684-1113 

Pennsylvania 
* L. D. Lowery Inc. 
2801 West Chester Pike 
Broomall, P A 19008 
(215) 356-5300 
FAX: (215) 356-8710 

Cypress Semiconductor 
2 N eshaminy Interplex, Ste. 203 
Trevose, P A 19047 
(215) 639-6663 

Puerto Rico 
ETS Inc. 
P.O. Box 10758 
Caparra Heights Station 
San Juan, P.R. 00922 
(809) 720-1300 
FAX: (809) 720-1178 

Tennessee 
CSR Electronics 
2728 Davenport Rd., Ste. 1 
Knoxville, TN 37902 
(615) 577-1317 
TWX: 510 600 2162 
FAX: 615-577-1306 

Texas 
Cypress Semiconductor 
333 W. Campbell Rd #220 
Richardson, TX 75080 
(214) 437-0496 

*This office is a duplicate of the listing that appears under its state of residence. 

Texas 
Southern States Marketing 
1143 Rockingham, Ste. 106 
Richardson, TX 75080 
(214) 238-7500 
FAX: (214) 231-7662 
TWX: 910 8674754 

Southern States Marketing 
400 E. Anderson Lane, Ste. 111 
Austin, TX 78752 
(512) 835-5822 
FAX: (512) 835-1404 
TWX: 910 8742006 

Southern States Marketing 
5644 Westheimer Ste. 308 
Houston, TX 77056 
(713) 960-9556 
FAX: (713) 960-9706 

Utah 
Sierra Technical Sales 
4700 South 900 East 3-150 
Salt Lake City, UT 84117 
(801) 566-9719 

Virginia 
*L. D. Lowery Inc. 
2801 West Chester Pike 
Broomall, PA 19008 
(215) 356-5300 
FAX: (215) 356-8710 

Washington 
Electronic Sources 
300 120 St. N.E. 
Bldg. 1, Ste. 100 
Bellevue, W A 98005 
(206) 451-3500 

Washington, D.C. 
*L. D. Lowery Inc. 
2801 West Chester Pike 
Broomall, P A 19008 
(215) 356-5300 
FAX: (215) 356-8710 

Wisconsin 
Micro Sales Inc. 
N. 81 W. 12920 Leon Rd., Ste. 115 
Menomonee Falls, WI 53051 
(414) 251-0151 
FAX: (414) 251-4720 
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International Sales Representatives 
Cypress Semiconductor International 

51 Rue du Moulin a Papier, Bte 11 
1160 Brussels, Belgium 
Tel: (32) 2 672 2220 
Telex: 64677 CYPINT B 
FAX: (32) 2 660 0366 

Austria 
Hitronik Vertriebs GmBH 
St. Veitgasse 51 
A-I130 Wien, Austria 
Tel: (43) 222 824199 
Telex: 133404 HIT A 
FAX: (43) 222 826 440 

Belgium 
Microtronica 
Keiberg/Brussels Airport 
Excelsiorlaan 53/B2 
1930 Zaventem-Belgium 
Tel: (32) 02 720 6010 
Telex: 64709 MICRO B 
FAX: (32) 02 720 8490 

Denmark 
A/S N ordisk Electronik 
Transformervej 17 
DK-2730 Herlev 
Tel: (45) 2 842000 
Telex: 35200 NORDEL DK 
FAX: (45) 2 921552 

Finland 
OY Fintronic AB 
Melkonkatu 24 A 
SF-0021O Helsinki 
Tel: (358) 0-6926022 
Telex: 124224 FTRON SF 
FAX: (358) 0-674886 

France 
Cypress Semiconductor France 
Bureaux de Sevres 
72 78 Grande Rue 
92310 Sevres 
Tel. (33) 1 453 410 10 
Telex: 631606 
FAX: (33) 1 453 401 09 

Newtek 
8 Rue de L'Esterel, Silic 583 
94663 Rungis Cedex 
Tel: (33) 1 4687 6025 
Telex: 263046 COSERM 
FAX: (33) 1 4687 8049 

Germany 
Cypress Semiconductor GmbH 
Hohenlindner Str. 6 
D-8016 Feldkirchen 
Tel. (49) 089 903 10 71 
FAX: (49) 089 903 84 27 

Germany 
API Electronik GmbH 
15, Ahornstrasse 
D-8062 Markt, Indersdorf 
Tel: (49) 8136 7092 
Telex: 527 0505 
FAX: (49) 81367398 
Astek GmbH 
Gottlieb-Daimler-Str. 7 
D-2358 Kaltenkirchen 
Tel: (49) 4191 8711 
Telex: 2180120 ASK D 
FAX: (49) 4191 8249 
Metronik GmbH 
Leonhardsweg 2, Postfach 1328 
D-8025 Unterhaching b. Munich 
Tel: (49) 89-611080 
Telex: 17 897434 METRO D 
FAX: (49) 89 611 6468 
Metronik GmbH 
Laufamholzstrasse 118 
D-8500 Niirnberg 
Tel: (49) 9 11 59 00 61 
Telex: 6 26 205 
Metronik GmbH 
Lowenstrasse 37 
D-7000 Stuttgart 70 
Tel: (49) 7 11 76 40 33 
Telex: 7 255 228 
Metronik GmbH 
Siemensstrasse 4-6 
D-6805 Heddesheim 
Tel: (49) 6203 47 01 
Telex: 4 65 035 
Metronik GmbH 
Semerteichstrasse 92 
D-4600 Dortmund 30 
Tel: (49) 2 31 423037 
Telex: 8 227 082 
FAX: (49) 0231-41 8232 
Metronik GmbH 
Osterbrooksweg 61 
D-2oo0 Schenefeld 
Tel: (49) 40 8 30 40 61 
Telex: 2 162488 

Hong Kong 
Tekcomp Electronics 
1603 Bank Centre 
636 Nathan Road 
Kowloon, Hong Kong 
Tel: (852) 3 710 9220 
Telex: 38513 TEKHL 
FAX: (852) 3 710 9220 

Israel 
Talviton Electronics 
PO Box 21104, 9 Biltmore Street 
Tel Aviv 61 210 
Tel: (972) 3 444572 
Telex: 33400 VITKO 
FAX: (972) 3 455626 

Italy 
Cramer Italia s.p.a. 
134, Via C. Colombo 
00147 Roma 
Tel: (39) 6 517 981 
Telex: 611517 Cramer 
FAX: (39) 6 5140722 
Dott.lng. Giuseppe De Mico s.p.a. 
V. Le Vittorio Veneto, 8 
1-20060 Cassina d'Pecchi 
Milano 
Tel: (39) 2 95 20 551 
Telex: 330869 DEMICO I 
FAX: (39) 2 952 2227 

Japan 
Tomen Electronics 
2-1-1 Uchisaiwai-Cho, Chiyoda-Ku 
Tokyo 100 
Tel: (81) 3 5063670 
Telex: 23548 TMELCA 
FAX: (81) 3 506 3497 

Norway 
Nordisk Elektronik (Norge) A/S 
Smedsvingen 4, PO Box 123 
N-1364 Hvalstad 
Tel: (47) 2 846210 
Telex: 77546 NENAS N 
FAX: (47) 2 846 545 

Singapore 
Desner Electronics PTE Ltd. 
190 Middle Rd # 16-07 
Fortune Center, Singapore 
Tel: (65) 337 3188 
FAX: (65) 337 3180 

Spain 
Comelta S.A. 
Emilio Munoz, 41 Nave 1-1-2 
E-Madrid 17 
Tel: (34) 1 754 3001 
Telex: 42007 CET A E 
FAX: (34) 1 7542151 

Sweden 
Nordisk Electronik AB 
Huvudstagatan 1, PO Box 1409 
S-171 27 Solna 
Tel: 8 635 040 
Telex: 10547 Nortron S 
FAX: (46) 8 272 204 
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International Sales Representatives (Continued) 

Switzerland 
Baerlocher AG 
Forrlibuckstrasse 150 
CH-8oo5 Zurich 
Tel: (41) 1 429 900 
Telex: 822762 BAEZ CH 
FAX: (41) 1 445023 

Taiwan R.O.C. 
Prospect Technology Corp. 
5, Lane 55, Long-Chiang Road 
Taipei 
Tel: (886) 2 721 9533 
Telex: 14391 PROSTECH 
FAX: (886) 2 773 3756 

The Netherlands 
Semicon B.Y. 
P.O. Box 408,5600 AK Eindhoven 
Office: Gulberg 33 5674 TE Nuenen 
NL-5672 AD Nuenen 
Tel: (31) 040 837 075 
Telex: 59418 INTRA NL 
FAX: (31) 040 838 635 

United Kingdom 
Cypress Semiconductor U.K. 
Business & Technology Centre 
Bessemer Drive, Stevenage 
Hertfordshire, SG 1 2DX 
Tel: (44) 0438 310 118 
Telex: 94013897 CYPR G 
FAX: (44) 0438 740141 

United Kingdom 
Pronto Electronic System LTD. 
City Gate House 
399-425 Eastern Avenue 
Gants Hill lIford, Essex IG2 6LR 
Tel: (44) 01 5546222 
Telex: 8954213 PRONTO G 
FAX: (44) 01 518 3222 

Ambar Cascom Ltd. 
Rabans Close 
Aylesbury Bucks HP19 3R5 
Tel: (44) 0296 434 141 
Telex: 837427 
FAX: (44) 0296 296 70 
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Distribution 
Marshall Industries: 

Alabama 
Huntsville, AL 35801 
(205) 881-9235 

Arizona 
Phoenix, AZ 85044 
(602) 496-0290 

California 
Marshall Industries, 
Corp. Headquarters 
EI Monte, CA 91731-3004 
(818) 459-5500 

Irvine, CA 92718 
(714) 458-5301 

Chatsworth, CA 91311 
(818) 407-4100 

Rancho Cordova, CA 95670 
(916) 635-9700 

San Diego, CA 92131 
(619) 578-9600 

Milpitas, CA 95035 
(408) 943-4600 

Colorado 
Thornton, CO 80241 
(303) 451-8383 

Connecticut 
Wallingford, CT 06492-0200 
(203) 265-3822 

Florida 
Ft. Lauderdale, FL 33309 
(305) 977-4880 

Altamonte, FL 32701 
(305) 767-8585 

St. Petersburg, FL 33716 
(813) 576-1399 

Georgia 
Norcross, GA 30093 
(404) 923-5750 

Illinois 
Schaumburg, IL 60173 
(312) 490-0155 

Indiana 
Indianapolis, IN 46278 
(317) 297-0483 

Kansas 
Lenexa, KS 66214 
(913) 492-3121 

Maryland 
Gaithersburg, MD 20877 
(301) 840-9450 

Massachusetts 
Wilmington, MA 01887 
(617) 658-0810 

Michigan 
Livonia, MI 48150 
(313) 525-5850 

Minnesota 
Plymouth, MN 55441 
(612) 559-2211 

Missouri 
Bridgeton, MO 63044 
(314) 291-4650 

New Jersey 
Fairfield, NJ 07006 
(201) 882-0320 

Mt. Laurel, NJ 08054 
(609) 234-9100 

New York 
Johnson City, NY 13790 
(607) 798-1611 

Hauppauge, LI, NY 11788 
(516) 273-2424 

Rochester, NY 14624 
(716) 235-7620 

North Carolina 
Raleigh, NC 27604 
(919) 878-9882 

Ohio 
Solon, OH 44139 
(216) 248-1788 

Dayton, OH 45414 
(513) 898-4480 

Oregon 
Beaverton, OR 97005 
(503) 644-5050 

Pennsylvania 
Mt. Laurel, NJ 08054 
(609) 234-9100 

Pittsburgh, PA 15238 
(412) 963-0441 

Texas 
Austin, TX 78754 
(512) 837-1991 

Carrollton, TX 75006 
(214) 233-5200 

Houston, TX 77040 
(713) 895-9200 

Utah 
Salt Lake City, UT 84115 
(801) 485-1551 

Washington 
Bellevue, W A 98007 
(206) 747-9100 

Wisconsin 
Waukesha, WI 53186 
(414) 797-8400 



~ Sales Representatives and Distribution 
~~~~UcrOR================================================================ 
Distribution (Continued) 

Semad: 

Canada 

Toronto 
Markham, Ontario L3R 4Z4 
(416) 475-3922 
FAX: 416-475-4158 

Montreal 
Pointe Claire, Quebec H9R 427 
(514) 694-0860 
1-800-363-6610 
FAX: 514-694-0965 

Ottawa 
Ottawa, Ontario K2C OR3 
(613) 727-8325 
FAX: (613) 727-9489 

Vancouver 
Burnaby, B.C. V3N 4S9 
(604) 420-9889 
1-800-663-8956 
FAX: (604) 420-0124 

Calgary 
Calgary, Alberta T2H 2S8 
(403) 252-5664 
FAX: 403-255-0966 

Cypress Electronics: 

Santa Clara, CA 95050 
(408) 980-2500 

Falcon Electronics: 

Hauppauge, LI, NY 11788 'C. 

(516) 724-0980 

Framingham, MA 01701 
(617) 626-2128 

Milford, CT 06460 
(203) 878-5272 

Anthem Electronics, Inc.: 

Tempe, AZ 85281 
(602) 966-6600 

Chatsworth, CA 91311 
(818) 700-1000 

East Irvine, CA 92718 
(714) 768-4444 

Sacramento, CA 95834 
(916) 922-6800 

San Jose, CA 95131 
(408) 295-4200 

San Diego, CA 92121 
(619) 453-9005 

Englewood, CO 80112 
(303) 790-4500 

Elk Grove Village, IL 60007 
(312) 640-6066 

Lake Oswego, OR 97034 
(503) 603-1114 

Salt Lake City, UT 84119 
(801) 973-8555 

Redmond, W A 98052 
(206) 881-0850 

Zeus Components, Inc.: 

Yorba Linda, CA 92686 
(714) 921-9000 

San Jose, CA 95131 
(408) 998-5121 

Oviedo, FL 32765 
(305) 365-3000 

Lexington, MA 02173 
(617) 863-8800 

Columbia, MD 21045 
(301) 997-1118 

Port Chester, NY 10573 
(914) 937-7400 

Richardson, TX 75081 
(214) 763-7010 

Quality Components: 

Huntsville, AL 35816 
(205) 830-1881 

Addison, TX 75001 
(214) 733-4300 

Austin, TX 78758 
(512) 835-0220 

Sugarland, TX 77478 
(713) 240-2255 

Tulsa, OK 74129 
(918) 664-8812 

Lionex Corporation: 

Meriden, CT 06450 
(203) 237-2282 

Wilmington, MA 01887 
(617) 657-5170 

Columbia, MD 21045 
(301) 995-6640 

Fairfield, NJ 07006 
(201) 227-7960 

Hauppauge, NY 11787 
(516) 273-1660 

Horsham, P A 19044 
(215) 443-5150 
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