
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































DESIGNING WITH THE IDT49C460 AND IDT39C60 
ERROR DETECTION AND CORRECTION UNITS APPLICATION NOTE AN-24 

�~� 
DATA 

DO 01 I CHECK BITS 

DO 01 
WRITE CORRECTED WORD AND 
CHECKBITS TO MEMORY 

CBo-71 ..... 1 .... _______ ....... _ .... _ .... _ ................ _ ... 
. ::::... • .. ::. :: :: .. :.::.:.<:<:.:<::.:.:> ... :.:::::: .: . 

.. I .. ::.: .••. ::> > :: ... :.> . <> .•. :.:. :.:}> < .::.:.: .• :.: .•. ·:·:.1 ... L .... :. : >/i ::. 
OE" 0-3 I..... :}2<: �~�<� 

i I DATA OUT L.11IIII.t:E 
... 
R
. R .... O: . R .. D ... E ..... C ... O .... :.D ..... : .. :E ..... :..... .M ... · .. U ... X ... ): t •• :.: •.•. :.: •..•. X< ••.••• :.:.. ) LATCH �L�~� •... &CORRECT:: .. : :: .•..•. < .. ::.::: ... :: .. I> ••..•• 

• ::. �~�<� �.�.�.�.�.�.�'�~�.�>� : .. : .. : .. :: .. :.: .. : ..... :.: .. :: .. :: .. : ............ : ·: ....... : ... �:�:�;�~�t�)� ........ · ... . 
DATA INPUT r :.... > .. : CHECK BIT .•.... :: ",,;:::::i 

< LATCH I GENERATEI:_ �~� ...... 1'01:: ....... �~�.� SCO-7 

SYSTEM (' 
MEMORY BUS' : �~�P�,�~�~�~�t�~�~�;�.� �~�.�-�;�-�i�<� 1,«'1·: .: �~�~�"�'�.�;�,�,�;�.�[� .... �~�-�-�- OE"sc 

() .:..+ .: ••. ::.:: .• :. �,�<�~�U�)� �~�:� •••••• �:�~� �~�~�~�~�~�~�~�E�I� �~�5�~�~�~�~�T� I .•• : nrnm:J"RrT"iT""'''''--'-''''''''''''' 
) I·::: plAGNOSTlp IT •. '::>::> .. .....> . . 
i .: :.JNLATCH .:::.> •• ::::i ..... :..:):< 

LEDIAG 
CODE 100.1 

DIAG MODEo 1 

LEoUT/GEN 
CORRECT 

LEoUT/GEN .lr\ ..... __________ ..6IX .. 

\XXXXXXXXX 
I[ 

DATA XXXXX IX 
CORRECT 

SCO-7 XXXXX 

DIAG MODE o. 1 = 00 LEDIAG = X 

••••• 

PDAE RWS00004 8/18/87 

CODE 100. 1 = 00 

Figure 7. Memory correct and check-bit regenerate. Identical for the second phase of a read operation in which an error has occurred, and 
for a partial-word-write operation except for the state of the individual byte output enables. 
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DESIGNING WITH THE IDT49C460 AND IDT39C60 
ERROR DETECTION AND CORRECTION UNITS 

ERROR HEX 

DECIMAL 

SYNDROME 

HE~ 

S3 S2 Sl 

0 0 0 0 

S6 

S5 

S4 

SO 

0 

DECIMAL EQUIVALENT> > 

1 0 0 0 

2 0 0 1 

3 0 0 1 

4 0 1 0 

5 0 1 0 

6 0 1 1 

7 0 1 1 

8 1 0 0 

9 1 0 0 

A 1 0 1 

B 1 0 1 

C 1 1 0 

D 1 1 0 

E 1 1 1 

F 1 1 1 

NE= NO ERROR 
Cn = check-bit error bit n 
n = data-bit error bit n 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

Appendix 

0 1 2 

0 0 0 

0 0 1 

0 1 0 

NE C4 C5 

0 16 32 

CO T T 

1 17 33 

C1 T T 

2 18 34 

T 18 8 

3 19 35 

C2 T T 

4 20 36 

T 19 9 

5 21 37 

T 20 10 

6 22 38 

M T T 

7 23 39 

C3 T T 

8 24 40 

T 21 11 

9 25 41 

T 22 12 

10 26 42 

17 T T 

11 27 43 

T 23 13 

12 28 44 

M T T 

13 29 45 

16 T T 

14 30 46 

T M M 

15 31 47 

n = decimal equivalent of the syndrome 

3 4 5 6 7 

0 1 1 1 1 

1 0 0 1 1 

1 0 1 0 1 

T C6 T T 30 

48 64 80 96 112 

14 T M M T 

49 65 81 97 113 

M T 2 24 T 

50 66 82 98 114 

T M T T M 

51 67 83 99 115 

15 T 3 25 T 

52 68 84 100 116 

T M T T 31 

53 69 85 101 117 

T M T T M 

54 70 86 102 118 

M T 4 26 T 

55 71 87 103 119 

M T 5 27 T 

56 72 88 104 120 

T M T T M 

57 73 89 105 121 

T 1 T T M 

58 74 90 106 122 

M T 6 28 T 

59 75 91 107 123 

T M T T M 

60 76 92 108 124 

M T 7 29 T 

61 77 93 10 125 

M T M M T 

62 78 94 110 126 

T 0 T T M 

63 79 95 111 127 

T = Two errors 
M = Multiple errors 

Table 1. 32-bit Syndrome Tables with Hex, Binary and Decimal Equivalents. 
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DESIGNING WITH THE IDT49C460 AND IDT39C60 
ERROR DETECTION AND CORRECTION UNITS 

ERROR 

IHEX S3 S2 

I 0 0 0 

I 0 0 

I 2 0 0 

I 3 0 0 

I 4 0 

I 5 0 

I 6 0 

7 0 

8 0 

9 0 

A 0 

B I 0 

I C I 
I I 
I D I 
I I 
I Ell 

I I 
I F I 
I I 

HEX o 2 3 

S7 o o o o 
S6 o o o o 
S5 o o 
S4 o o 

Sl SO I 
o 0 I NE C4 C5 T 

o 16 32 48 

o I CO T T 14 

1 17 33 49 

o I Cl T T M 

2 18 34 50 

T 18 8 T 

3 19 35 51 

o 0 I C2 T T 15 

4 20 36 52 

o I T 19 9 T 

5 21 37 53 

o I T 20 10 T 

6 22 38 54 

M T T M 
7 23 39 55 

o 0 I C3 T T M 
8 24 40 56 

o I T 21 11 T 

9 25 41 57 

o I T 22 12 T 

10 26 42 58 

17 T T M 
11 27 43 59 

o 0 I T 23 13 T 

12 28 44 60 

o I M T T M 
13 29 45 61 

o 16 T T M 

14 30 46 62 

T M M T 
15 31 47 63 

NE=NO ERROR 
en = check-bit error bit n 
n = data-bit error bit n 

4 5 

o o 

o o 
o 

C6 T 

64 80 

T M 

65 81 

T 34 

66 82 

M T 

67 83 

T 35 

68 84 

M T 

69 85 

M T 

70 86 

T 36 

71 87 

T 37 

72 88 

M T 

73 89 

33 T 

74 90 

T 38 

75 91 

M T 

76 92 

T 39 

77 93 

T M 

78 94 

32 T 

79 95 

n = decimal equivalent of the syndrome 

APPLICATION NOTE AN-24 

6 7 8 9 A B C D E F 

o o 
o o o o 
o o o o 

o o o o o 

T 62 C7 T T 46 T M M T 

96 112 128 144 160 176 192 208 224 240 

M T T M M T M T T 30 

97 113 129 145 161 177 193 209 225 241 

56 T T 50 40 T M T T M 

98 114 130 146 162 178 194 210 226 242 

T M M T T M T 2 24 T 

99 115 131 147 163 179 195 211 227 243 

57 T T 51 41 T M T T 31 

100 116 132 148 164 180 196 212 228 244 

T 63 M T T 47 T 3 25 T 

101 117 133 149 165 181 197 213 229 245 

T M M T T M T 4 26 T 

102 118 134 150 166 182 198 214 230 246 

58 T T 52 42 T M T T M 

103 119 135 151 167 183 199 215 231 247 

59 T T 53 43 T M T T M 

104 120 136 152 168 184 200 216 232 248 

T M M T T M T 5 27 T 

105 121 137 153 169 185 201 217 233 249 

T M 49 T T M T 6 28 T 

106 122 138 154 170 186 202 218 234 250 

60 T T 54 44 T 1 T T M 

107 123 139 155 171 187 203 219 235 251 

T M M T T M T 7 29 T 

108 124 140 156 172 188 204 220 236 252 

61 T T 55 45 T M T T M 

109 125 141 157 173 189 205 221 237 253 

M T T M M TOT T M 

110 126 142 158 174 190 206 222 238 254 

T M 48 T T M T M M T 

111 127 143 159 175 191 207 223 239 255 

T = Two errors 
M = Multiple errors 

Table 2. 64-bit Syndrome Tables with Hex, Binary and Decimal Equivalents. 
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DESIGNING WITH THE IDT49C460 AND IDT39C60 
ERROR DETECTION AND CORRECTION UNITS 

CB DATA CB 

0 28 20 

1 1000F 21 

2 10000 22 

3 27 23 

4 1000C 24 

5 28 25 

6 24 26 

7 10003 27 

8 10024 28 

9 3 29 

A C 2A 

8 10028 28 

C 0 2C 

D 10027 2D 

E 10028 2E 

F F 2F 

10 10022 30 

11 5 31 

12 A 32 

13 10020 33 

14 6 34 

15 10021 35 

16 1oo2E 36 

17 9 37 

18 2E 38 

19 10009 39 

1A 10006 3A 

18 21 38 

1C 1000A 3C 

10 20 30 

1E 22 3E 

1F 10005 3F 

DATA 

127 

10100 

1010F 

128 

10103 

124 

128 

1010C 

10128 

10C 

103 

10124 

10F 

10128 

10127 

100 

10120 

10A 

105 

10122 

109 

1012E 

10121 

106 

121 

10106 

10109 

12E 

10105 

122 

120 

1010A 

APPLICATION NOTE AN-24 

CB DATA CB DATA 

40 E 60 101 

41 10029 61 10126 

42 10026 62 10129 

43 63 10E 

44 1002A 64 10125 

45 D 65 102 

46 2 66 100 

47 10025 67 1012A 

48 10002 68 10100 

49 25 69 12A 

4A 2A 6A 125 

48 10000 68 10102 

4C 26 6C 129 

4D 10001 6D 1010E 

4E 1000E 6E 10101 

4F 29 6F 126 

50 10004 70 10108 

51 23 71 12C 

52 2C 72 123 

53 10008 73 10104 

54 20 74 12F 

55 10007 75 10108 

56 10008 76 10107 

57 2F 77 120 

58 8 78 107 

59 1002F 79 10120 

5A 10020 7A 1012F 

58 7 78 108 

5C 1002C 7C 10123 

50 B 70 104 

5E 4 7E 108 

5F 10023 7F 1012C 

Table 3. Minimal 32-bit check-bit to data tables for diagnostic use. One data value is listed to generate every possible check-bit pattern. 
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DESIGNING WITH THE IDT49C460 AND IDT39C60 
ERROR DETECTION AND CORRECTION UNITS 

DATA CB DATA 

0 C 100 

1 43 101 

2 46 102 

3 9 103 

4 5E 104 

5 11 105 

6 14 106 

7 5B 107 

8 58 108 

9 17 109 

A 12 10A 

B 5D 10B 

C A 10C 

D 45 10D 

E 40 10E 

F F 10F 

20 54 120 

21 1B 121 

22 1E. 122 

23 51 123 

24 6 124 

25 49 125 

26 4C 126 

27 3 127 

28 0 128 

29 4F 129 

2A 4A 12A 

2B 5 12B 

2C 52 12C 

2D 10 12D 

2E 18 12E 

2F 57 12F 

CB 

2F 

60 

65 

2A 

7D 

32 

37 

78 

7B 

34 

31 

7E 

29 

66 

63 

2C 

77 

38 

3D 

72 

25 

6A 

6F 

20 

23 

6C 

69 

26 

71 

3E 

3B 

74 

APPLICATION NOTE AN·24 

DATA CB DATA CB 

10000 2 10100 21 

10001 4D 10101 6E 

10002 48 10102 6B 

10003 7 10103 24 

10004 50 10104 73 

10005 1F 10105 3C 

10006 1A 10106 39 

10007 55 10107 76 

10008 56 10108 75 

10009 19 10109 3A 

1000A 1C 1010A 3F 

1000B 53 1010B 70 

1000C 4 1010C 27 

1000D 4B 1010D 68 

1000E 4E 1010E 6D 

1000F 1 1010F 1F 

10020 5A 10120 79 

10021 15 10121 36 

10022 10 10122 33 

10023 5F 10123 7C 

10024 8 10124 2B 

10025 47 10125 64 

10026 42 10126 61 

10027 D 10127 2E 

10028 E 10128 2D 

10029 41 10129 62 

1002A 44 1012A 67 

1002B B 1012B 28 

1002C 5C 1012C 7F 

1002D 13 1012D 30 

1002E 16 1012E 35 

1002F 59 1012F 7A 

Table 4. Minimal 32·bit data to check·bit tables for diagnostic use. At least one data value is listed for every possible check·bit pattern. This 
table is identical to Table 3 except in sequence of presentation. 
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(;)® IMPLEMENTATION OF DIGITAL APPLICATION 

FILTERS USING IDT7320, NOTE 
AN-32 

Integrated Device Technology, Inc. 
IDT7210,IDT7216, AND IDT7383 

By Tao Lin and Dahn Le Ngoc 

INTRODUCTION 
Traditionally, signal processing tasks were performed with 

specialized analog processors. However, it is well known that 
digital techniques have some inherent advantages such as 
flexibility, accuracy, reliability over analog techniques. 
Moreover, because of the rapid progress in digital computer 
and VLSI technology, both digital processing units and storage 
devices are becoming less expensive yearby year. Therefore, 
the digital approach is usually preferred over modern signal 
processing. 

Digital filtering is one of the most important digital signal 
processing techniques. This technique has found many 
applications in a variety of areas. Perhaps the most widely 
known applications of digital filtering have been in the area of 
speech processing and communication. In many situations, 
speech signals are degraded in ways that limit their 
effectiveness for communication. In such casesdigitalfiltering 
techniques are applied to improve speech quality (to remove 
noise or echoes from speech, etc.). Lowpass and bandpass 
digital filters have also been utilized in speech analysis and 
synthesis, speech coding, and data compression. Digital 
filtering techniques have also been widely used in the area of 
image processing: enhancement of the image to make it more 
acceptable to the human eye; removal of the effects of some 
degradation mechanism; separation of features for easier 
identification or measurement by human or machine. For 
example, we can use two-dimensional digital filters to reduce 
spatial low-frequency components in an X-ray image, and this 
process will make features with large high-frequency 
components such as fracture lines easier to identify. 

BASIC THEORY OF DIGITAL FILTERS 

General Form 
A digital filter is a system or device which transforms an 

input sequence {Jl.(k)} into an output sequence {y(k)}. As 
shown in Figure 1, a digital filter is characterized by its impulse 
response {h(k)} or by its transfer function H(z). 

~(k)--~1 H(k)=k~~z-k II----·y(k) 

2585 drw 01 

Figure 1. Block Diagram of Digital Filter 

The output sequence can be calculated from the input 
sequence as follows: 

y(n) = I h(k) Jl(n-k) 
k =-00 

©1990 Integrated Device Technology. Inc. 7.7 

A digital filter is said to be causal or realizable if the output 
at n = no is dependent only on values of the input for n~ no. This 
implies that the impulse response h(n) is zero for n < O. The 
most important subset of the class of causal digital filters is 
that where the transfer function H(z) can be described by an 
Nth-order rational function 

H(z) = I h(k)z-k = 
k=O 

FIR FILTERS 

ao + a1 Z-1 + ... + aN z-N 
1 -b1Z-1 - ... -bN Z -N 

(2-1) 

A digital filter is said to be a finite impulse response (FIR) 
filterifthe numberof nonzero h(k) is finite. Otherwise, it is said 
to be an infinite impulse response (IIR) filter. It can be readily 
seen that for FIR filters, the denominator of H(z) is 1, i.e. the 
transfer function becomes 

H(z) = h(O) + h(1 )Z-1 + h(2)r2 + .... + h(N)z-N 
= ao + a1z-1 + a2r2 + .... + aNrN (2-2) 

The output of an Nth-order FIR filter can be calculated from 
N+1 input data as follows: 

y(k) = aOJl.(k)"+ a1Jl.(k-1) + a2Jl.(k-2) + .... + aNJl.(k-N), 
for k = 0, 1, 2, .... (2-3) 

with initial conditions: Jl.(-1) = Jl.(-2) = .... = Jl.(-N) = O. 
Therefore, FIR filters nonrecursive and can be implemented 
by using adders, multipliers and delay elements without a 
feedback path. The canonical form of an FIR filter is illustrated 
in Figure 2. 

ao 

y(k) 

2585 drw 02 

Figure 2. Block Diagram of Canonical FIR Filter 
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IMPLEMENTATION OF DIGITAL FILTERS USING 1DT7320, 
IDT7210,1DT7216, AND IDT7383 APPLICATION NOTE AN-32 

IIR Filters y(k) of the transversal structure is simply the weighted sum of 
On the other hand, IIR filters are recursive, i.e., the output the current input Il(k) and the delayed inputs ll(k-1), ll(k-2). 

of an II R filters is calculated from both input data and previous The coefficient ao, a 1, .... determine the frequency response 
output data as follows: of a particular filter such as lowpass, bandpass or highpass. 

y(k) = b1y(k-1) + b2y(k-2) + .... + bNy(k-N) 
+ aOIl(k) + a11l(k-1) + a21l(k-2) + .... + aNIl(k-N), 
for k = 0, 1,2, .... (2-4) 

with initial conditions: 11(-1) = 11(-2) = .... = Il(-N) = O. The 
canonical form of IIR filters is shown in Figure 3. 

While FIR filters have the advantages of being 
unconditionally stable,less sensitive to quantization error and 
linear phase, IIR filters have lower order than FIR filters with 
equivalent performance. Therefore, IIR filters require less 
memory and fewer arithmetic operations than FIR filters. 

ao 

f--------r-- y(k) 

I 
I 

y(k-1) 

y(k-2) 

x ~Y(k_N+1) 
Z -1 

bN 

y(k-N) 
x 

2585 drw 03 

Figure 3. Block Diagram of CanonicalliR Filter 

In this application note, we will discuss various 
implementations of both FIR and IIR filters using the lOT 
16-bit OSP building block family: IOT7320, 16-bit 8-level 
pipeline register; IOT721 0, 16x16-bit multiplier-accumulator; 
IOT7216 16x16-bit multiplier and IOT7383, 16-bit ALU. 

IMPLEMENTATIONS OF FIR FILTERS 
There are many FIR filter structures. Two particular 

structures are universally utilized: the transversal structure 
and the lattice structure. 

Transversal Structure 
The transversal structure is a rather direct realization of the 

equation (2-3) in terms of delays, multiplications, and additions. 
As shown in Figure 4 for a 7th--order (8-tap) filter, the output 

7.7 

ao 

y(k) 

2585 drw 04 

Figure 4. 8-Tap Transversal Structure 

Figure 5 illustrates the implementation of the 8-tap 
transversal structure using two IOT7320s and an IOT7210. 
One IOT7320 is forthe storage of input data, and the other for 
the storage of filter coefficients. The I OT721 0 is used to 
perform multiplication and accumulation. Registers REG G1 
and REG H2 of the IOT7320s are connected to X and Y input 
registers of the IOT7210, respectively. 80th IOT7320s are 
shifted every clock cycle. Thus, the input data and the I 
coefficients are loaded into the input registers of the IOT721 0 
in the sequence shown in Figure 6. In the first clock cycle, a 
new input word is loaded into REG A1 and the pipeline 
registers A1-G1 shift down. In the next seven clock cycles, the 
output of REG G1 is connected to the input of REG Al, so that 
the pipeline registers Al-Gl shift as a ring every clock cycle. 
Similarly, the output of REG H2 is connected to the input of 
REG A2. A new output is unloaded every eight clock cycles. 
A sequence controller generates the clock and the control 
signals SEL and ACC. The filter coefficients are preloaded 
into the pipeline registers A2-H2. Generally, for an N-tap 
transversal structure, a filter cycle has N clock cycles. 
Therefore, a filter cycle time is NStMA, where tMA = 25ns is the 
multiply-accumulate time of IOT7210. 

2 



IMPLEMENTATION OF DIGITAL FILTERS USING 1DT7320, 
IDT7210,1DT7216, AND IDT7383 

CLOCK 

INPUT 
Jl(k) 

ACC 

16 

IDT721 0 

OUTPUT 
y(k) 

IDT7320 

CLOCK 

ACC 

SEL 

Figure 5. Implementation of the Transversal Structure Using IDT7320s and IDT7210 

7.7 

APPLICATION NOTE AN-32 

SEQUENCE 
CONTROLLER 

2585 drw 05 
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IMPLEMENTATION OF DIGITAL FILTERS USING IDT7320, 
IDT7210, 1DT7216, AND IDT7383 

CLOCK 

IDT7320 
A1-G1 

IDT7320 
A2-H2 

IDT7210 
X. Y 

IDT721 0 
P 

tMA= 25ns 

APPLICATION NOTE AN-32 

1+----------- ONE FIR FILTER CYCLE (200ns) ----------~ 

2585 drw 06 

Figure 6. Operation Sequence of IDT7320s and IDT7210 for the Transversal Structure 
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IMPLEMENTATION OF DIGITAL FILTERS USING 1DT7320, 
1DT7210, 1DT7216, AND 1DT7383 

Lattice Structure 
The lattice structure of an Nth-order FIR filter shown in 

Figure 7 for n = 8. The lattice structure is equivalent to the 
transversal structure, in the sense that any transfer function 
which can be represented by the transversal structure can 

1st STAGE 2nd STAGE 

APPLICATION NOTE AN-32 

also be represented within a multiplicative constant by the 
lattice structure. The origin and utility of the structure is that 
it has several advantages overthe transversal structure in the 
field of adaptive filtering. 

8th STAGE 

ef1 (k) ef2 (k) ef8 (k) = y(k) 

- - - - - - - - - --i------,---~ 

eb1(k) eb2(k) e b8 (k) 

2585 drw 07 

Figure 7. Block Diagram of the Lattice Structure 

From Figure 7, we can see that an Nth-order lattice struc­
ture consists of N stages, each having two inputs and two 
outputs. The outputs (efm(k), k = 0,1,2, .... } and (ebm(k), k = 

0, 1, 2, .... } of the mth (1 mN) stage are called mth-order 
forward and backward prediction errors, respectively, which 
are related to the inputs of the stage (the outputs of the 
previous stage) as follows: 

efm(k) = ef(m-1)(k) - km-1 eb(m-1)(k-1) 
ebm(k) = eb(m-1)(k-1) - km-1 ef(m-1)(k) 

where the input of the first stage is 

eiO(k) = ebo(k) = Jl(k) 

(3-1a) 
(3-1b) 

(3-1c) 

Equation (3-1) shows that we need to store (ebo(k-1), 
eb1(k-1), .... ,eb(N-1)(k-1)}, the backward prediction errors at 
time k-1, for calculating the outputs of all stages at time k: 
(eb1(k), ef1(k), eb2(k), ef2(k), .... ,ebN(k), efN(k)}. An implem­
entation of the 8-stage lattice structure is given in Figure 8 
using IOT7320s, 7216s, and 7383s. Two IOT7320s store the 
previous outputs ebo(k-1), eb1(k-1), .... , eb7(k-1) and the 
coefficients ko, k1, .... , k7. The multiplications of 

km-1 eb(m-1)(k-1) and km-1 ef(m-1)(k) 

are performed by two IOT7216s. Two IOT7383s execute the 
subtractions 

ef(m-1 )(k) - km-1 eb(m-1 )(k-1 ) and eb(m-1 )(k-1) - km-1 ef(m-1 )(k). 

The sequence of the operations is shown in Figure 9. A 
filter cycle consists of 8 clock cycles. In the first clock cycle, 

7.7 

ebo(k-1) = Jl(k-1) stored in REG H1 is loaded into registers X1 
and R1; ko stored in REG H2 is loaded into registers Y1 and 
Y2; and the new input Jl(k) = eiO(k) is loaded into registers X2 
and R2. The new input Jl(k) = ebo(k) is also loaded into REG 
H1. After a time delay of tMUC = 30ns, the results of multipli­
cation appear at the output pins of the IOT7216s which are 
directly connected to the input of the ALU of the IOT7383s. 
Then, after another time delay of tALU = 25ns, we obtain the 
outputs of the first stage, eb1(k) and ef1(k), at the output pins 
of the IOT7383s. In the second clock cycle, eb1(k-1) stored 
in REG G1, k1 stored in REG G2, and ef1(k) appeared at the 
output port of the I OT7383 are loaded into corresponding input 
registersof the IOT7216s and 7383s. Atthe same time, eb1 (k) 
is loaded into REG G1. After a time delay of tMUC + tALU = 

55ns, we obtain eb2(k) and ef2(k), at the output pins of the 
IOT7383s, and so on. Finally, in the eighth cycle, we obtain 
eb8(k) and y(k) = ef8(k). It should be noted that in each clock 
cycle, the IOT7216s first perform the multiplication, then the 
IOT7383s complete the subtraction. Therefore, the time of a 
clock cycle is tc = tMUC + tALU = 55ns. For an Nth-order lattice 
FIR filter, the filter cycle time is 55 x N nanoseconds (440ns for 
N = 8). 

The signals 10-3 control to which register of the IOT7320 a 
new backward prediction error will be written. The signals 
SELo-2 select one of the eight registers of the IOT7320s to be 
read from the output port. A sequence controller is needed to 
generate the clock and the control signals 10-3 and SELo-3. 
The filter coefficients ko-k7 are preloaded into the registers 
A2-H2. 
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Figure 8. Implementation of the Lattice Structure Using IOT7320s, IOT7216s and IOT7383s 
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Figure 9. Operation Sequence of 1DT7320s, IDT7216s and IDT7383s for the Lattice Structure 

IMPLEMENTATIONS OF ItR FILTERS 
Since IIR filters have feedback elements, architecture for 

implementing IIR filters are more complex than those for 
filters. Moreover, roundoff errors of multiplication may accu­
mulate and be amplified through the feedback loop so that the 
roundoff noise at the filter output becomes a serious problem. 
However, lOT's flexible and high-precision oSP product lines 
provide unique solution for implementing IIR filters. 

There are a variety of structures to implement IIR filters, 
such as direct form structure, cascade structure, parallel 
structure, lattice structure, ladderstructure, state-space struc­
ture. Among these, direct form, parallel and cascade struc­
tures are popular in many applications. In the following, we will 
consider how to implement these filter structures using the 
IDT7320, 7210, and 7383. 

Direct Form Structure 
The direct form structure is the simplest implementation of 

IIR filters and requires the fewest multiplication, addition and 
delay elements. This means that it can achieve higher speed 
and needs less hardware than other structures. The disad­
vantage of the direct form structure is that it may have 
multiplication roundoff noise. This can be overcome by using 
the IDT high-precision 16-bit multiplier-accumulator (MAC), 
where the whole 32-bit product is preserved and used in the 
accumulator. 

Let U(z) and Y(z) be the z-transforms of the input (J.1(k)} and 
the output (y(k)}, respectively, then an IIR filter is described by 

Y(z) = H(z) U(z) = ao + a1 Z-1 + ... + aNz-N U(z) = A(z) U(z). 
1 - b1 Z-1 - ... - bNZ-N 8(z) 

Define W(z) = _1_ U(z), we obtain 
8(z) 

W(z)8(z) = U(z) and Y(z) = A(z)W(z). 

(4-1) 

(4-2) 

Equation (4-2) can be written in the time domain as 

7.7 

w(k) = J.1(k) + b1W(k-1) + b2W(k-2) + ... + bNW(k-N) (4-3a) 

and 

y(k) = aow(k) + a1w(k-1) + a2w(k-2) + ... + aNw(k-N)(4-3b) 

From (4-3), we get the direct form structure of the IIR filter 
as shown in Figure 10. The direct form structure can be 
implemented using a single MAC or two MACs. 

ao 

bN-1 aN-1 

w(k-N+1) 

2585 drw 10 

Figure 10. Block Diagram of the Direct Form Structure 
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IDT7210, 1OT7216, AND IDT7383 APPLICATION NOTE AN-32 

Implementation Using A Single MAC 
Using a single MAC, for each new input ~(k), we first 

calculate w(k) given by (4-3a), and then calculate y(k) by 
(4-3b). The implementation of a 7th-order filter is shown in 
Figure 11. Three IDT7320s are used to store {w(k)}, the 

coefficients {b1, b2, ... , b7, 1} and the coefficients {ao, a1, ... , a6, 
a7}. The new input ~(k) and the data {w(k)} stored in the 
IDT7320 are sent to X input port of the IDT7210 through a 
multiplexer, while the coefficients {ao, a1, ... , a6, a7} are sent 
to Y input port of the IDT7210 through another multiplexer. 

INPUT Jl(k) 

',,16 
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"1'16 
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Figure 11. Direct Implementation of IIR Filter Using a Single MAC 
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1OT721 0, 1DT7216, AND 1OT7383 

As shown in Figure 12, each filter cycle consists of 16 clock 
cycles. The firsteight clock cycles calculate w(k) while the last 
eight clock cycles calculate y(k). In the first clock cycle, the 
new input J.1(k) and the content of REG H2 are loaded into the 
input registers of the IDT7210. Since 1 is stored in REG H2, 
the result obtained in the output register of the IDT721 0 is J.1(k). 
In the second clock cycle, the contents of REG G1 and REG 
G2 are sent to the input registers of the IDT721 0, and so on. 
Then, in the ninth clock cycle, w(k) is obtained in the output 
register of the IDT721 O. In the tenth cycle, we load w(k) into 

CLOCK 

IDT7320 
A1-H1 

IDT721 0 
X,Y 

IDT721 0 
P 

tMA = 25ns 

HOLD 

APPLICATION NOTE AN-32 

REG A1 which will be used in the sixteenth cycle. Before w(k) 
is loaded, in the eighth cycle, we shift down the pipeline 
registers A1-H1, so that in the ninth cycle, the data stored in 
H1 is not w(k-8) but w(k-7) which is multiplied by a7 stored in 
REG H3. A new output y(k) is obtained in the first clock cycle 
of the next filter cycle. It should be noted that in this 
implementation, we obtain different data at the output ports of 
the I DT7320s by using the output selection signal SELo-2, not 
by shifting the pipeline registers every clock cycle. 

HOLD 

14------------0NE IIR FILTER CYCLE (400ns)------~----__.; 

2585 drw 12 

Figure 12. Sequence of Operations of 1OT7320s and 1OT721 0 for the Direct Form Implementation Using a Single MAC 
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IMPLEMENTATION OF DIGITAL FILTERS USING IDT7320, 
IDT7210, 1OT7216, AND IDT7383 

Implementation Using Two MACs 
In the implementation mentioned above, we use a single 

MAC to calculate w(k) and y(k) alternately. If we use two 
MACs, one MAC for calculating y(k) given by 

y(k) = aow(k)+alw(k-1)+a2W(k-2)+ ... +aNw(k-N) (4-4a) 

and another MAC for simultaneously calculating w(k+ 1) given 
by 

w(k+ 1) = Jl(k+ 1 )+blW(k}+b2W(k-1 }+ ... +bNW(k-N+ 1) (4-4b) 

then the processing speed can be doubled. The implementation 
of a 7th-order filter using two IDT721 Os is shown in Figure 13. 

INPUT Il(k} 

'r'--16 

'1'-16 

APPLICATION NOTE AN-32 

A filter cycle has 8 clock cycles as shown in Figure 14. In the 
first cycle, Jl(k+ 1) is loaded into register X, and multiplied by 
the content of REG H2 which· is one, so that the result in the 
output register Pl is still Jl(k+ 1). In the next seven cycles, 
w(k-6), w(k-5), ... , w(k) are loaded into register Xl through the 
multiplexer and multiplied by b7, bs, ... , bl, respectively. In the 
eighth cycle, we shift down the pipeline registers Al-Hl to 
prepare for the next filter cycle. Then, in the first clock cycle 
of the next filter cycle, we obtain w(k+ 1) in the output register 
Pl which is loaded into REG Al in the second clock cycle. 
When one IDT7210 calculates w(k+1), another IDT7210 
calculates y(k) and an output is unloaded from register P2 
every 8 clock cycles. 

10T7320 10T7320 IDT7320 

~ REGAl w(k} ~ REGA2 bl ~ REG A3 ao 
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~ REG 81 w(k-1) ~ REG 82 b2 ~ REG 83 al 
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I 4 
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I 

t> REG Fl w(k-5) t> REG F2 b6 t> REGF3 as 
CLOCK 
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I I-- I--
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0-2 

'r'--16 ',,16 '~16 

SEL3~ 
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2585 drw 13 

Figure 13. Direct Form Implementation of IIR Filter Using Two MACs 
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Figure 14. Sequence of Operations of 1DT7320s and 1DT721 0 for the Direct Form Implementation Using Two MACs 

Whether using a single MAG or two MAGs, the signals 10-3 

control whether or not the pipeline registers shift or hold and 
to which register of the IDT7320 a new result w(k) will be 
written. On the other hand, the signals SELo-2 select one of 
the eight registers of the IDT7320s to be read from the output 
port. A sequence controller generates the clock and the 
control signals. The filter coefficients are preloaded into 
IDT7320s as in the FIR filter case. 

Parallel Structure 
The parallel structure has the advantage of less multiplication 

roundoff noise and coefficient quantization sensitivity than the 
direct form structure. However, the parallel structure uses 
more hardware. The basic principle of the parallel structure is 
that an Nth-order rational transfer function 

H (z) = 
ao + al Z-l + ... + aNz-N 

1 + bl z-l + ... + bNZ-N 
(4-5) 

can be expanded to partial fraction as follow 

H(z) = H1(Z) + ... + HM(Z) (4-6) 

The expansion suggests that the filtercould be implemented 
in a parallel structure shown in Figure 15. To minimize the 
roundoff noise and coefficient sensitivity, Hi(Z) is usually a 

Hi (z) = ao + alZ-
l 

1 + bl Z-l 
(4-7) 

7.7 

first-order filter or a second-order filter 

H i (z) = _a_o_+ _a_l _z -_1_+_a_2_z_-2_ 

1 + bl z-l+ b2 z-2 
(4-8) 

which can be implemented by the direct form structure 
mentioned before. For example, a fourth-order filter can be 
implemented with two parallel sections, each being a second­
order filter, as shown in Figure 16. In this particular 
implementation, each section uses two MAGs. The outputs of 
two sections are added by the IDT7383 to obtain the filter 
output {y(k)}. 

INPUT DATA 
{J.l.(k)} 

FILTER OUTPUT 
{y(k)} 

2585 drw 15 

Figure 15. Parallel Structure of IIR Fillers 
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Figure 16. Parallel Implementation of a Fourth-Order Filter Using Two Second-Order Sections 

Cascade Structure 
Like the parallel structure, the cascade structure has the 

advantage of less multiplication roundoff noise and coefficient 
quantization sensitivity and the disadvantage of more hardware 
than the direct form structure. The basic principle of the 
cascade structure is to decompose an Nth-order rational 
transfer function given by (4-5) into first-order or second­
order sections as follows: 

H(z) = H1(Z)S .... SHM(Z) (4-9) 

where Hi(Z) is given by (4-7) or (4-:-8). From the decomposition, 
the filter of (4-5) can be implemented by the direct form 

7.7 

structure. Forexample, a fourth-orderfiltercan be implemented 
with two cascade sections, each being a second-order filter, 
as shown in Figure 18. The output of the first section is the 
input of the second section. 

INPUT FILTER 
OATA·~--·~ ~OUTPUT 
{~(k)}~ ~{y(k)} 

2585 drw 17 

Figure 17. Cascade Structure of IIR Fillers 
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Figure 18. Cascade Implementation of a Fourth-Order Filter Using Two Second-Order Sections 

CONCLUSIONS 
In this application note, we have discussed the basic 

methods to implement a variety of structures of both FIR and 
IIR filters using lOT DSP building block family: pipeline registers, 
MAGs, multipliers, and ALUs. Which structure and 
implementation should be selected in a particular application 
is decided by many factors such as the available filter design 
tools, cost, speed, etc.. In many applications, the FIR 
transversal structures is used because of the simplicity of filter 
design and implementation. The FIR lattice structure is 
employed in the application where the filter coefficients have 
to be adaptively changed and fast convergency of the 
coefficients is required. In applications requiring high speed 
and compact hardware, IIR filters are usually preferred. 
Different IIR filter structures may have completely different 
finite wordlength effects (roundoff error, coefficient error and 
limit cycles). The direct form structure is the simplest one and 
uses the least hardware. However, if the filter order is large 
and the bandwidth of the filter is very narrow, then the direct 

7.7 

form structure may have severe roundoff noise and Iimit­
cycles so that the actual input-output characteristic of the filter 
dramatically deviates from the ideal one. In this situation, 
parallel structure or cascade structure should be utilized. 

The building block approach discussed in this application 
note can achieve 10 times the performance of some simple 
FIR and IIR filter structures. Table 1 gives a comparison 
between the building block approach using lOT's DSP building 
blocks and the single chip DSP approach using the latest 
Texas Instruments TMS320G25-50, a single chip digital 
signal processor with an instruction cycle time of 80ns. 

lOT's extensive and flexible product lines provide various 
possibilities to implement different filter structures. In the FIR 
filter implementations and II R filter direct form implementations 
shown in this application note, we have using at most two 
MAGs, multipliers and ALUs. The number of the clock cycles 
in a filter cycle is proportional to the filterorder. If more MAGs, 
multipliers and ALUs are used, a filter cycle can contain only 
a single clock cycle to achieve the highest speed. 
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G® ADDRESS GENERATOR FOR APPLICATION 
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By Yuping Chung 

INTRODUCTION 
An addressgeneratoris essential in every system requiring 

access to both the programming code and data. In a 
microprocessor-based system, the address generator is 
already built-in on the microprocessor chip. Other high 
performance systems use dedicated address generators to 
achieve a high degree of parallelism. The address generator 
must be fast and flexible to cope with the system's different 
addressing requirements, such as random addressing and 
structured data addressing. A loadable up/down counter can 
be used as an address generator, but it is limited to access the 
adjacent locations. A better solution is an ALU based address 
generator which can access the address in several modes: 
sequential accessing, interval accessing, segmented 

addressing, and indexed addressing. Theseflexible accessing 
modes are especially useful in systems with structured data, 
such as matrices. The following sections discuss a high speed 
matrix manipulation engine incorporates its own ALU-based 
addressing generators. 

Digital signal processing, array processing and scientific 
computing systems require matrix operations. An example 
shown in Figure 1 is the matrix multiplication. Most often, the 
data of each matrix are stored sequentially in a buffer. However, 
the matrix operation requires accessing the memory both 
sequentially and non-sequentially. We will examine the 
memory organization of the matrix first and subsequently 
examine the matrix manipulation engine. 

[

a11 a12 • • • a1
j
] 

a21 "-
"-· "- "-· "-· "-

ai1 aij 

x 
[

b11 b12 ••• 

b21 "-
"-· "- "-· "­· "-

bj1 

b1k] [C11 C12 • • • C1k] C21 "-
"-· "- "-· "­· "-

bJk CI1 Clk 

[all a12 a"J a21 a22 a23 
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Figure 1. Matrix Multiplication and its Unit Operation 
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ADDRESS GENERATOR FOR A MATRIX MANIPULATION ENGINE 

MATRIX MEMORY ORGANIZATION AND 
ADDRESSING 

Sequential Memory Organization 
In most applications the entries each matrix are stored 

linearly row by row in a dedicated memory segment, as 

~ 

i 

1 
a21 ' 

i = 1,2, ... , i 
j = 1,2, ... , j 

APPLICATION NOTE AN-3S 

illustrated in Figure 2. In applications such as spectrum 
analysis, image processing, and graphics engine, the segment 
size may be as large as several thousand words. 

.----1 pointer A 

-=1 pointer A + 0 
~ 1 pointer A+1 0 + 

~ 1 pointer A+j-2 I + 0 

+0 
2586 drw 02 

Figure 2. Sequential Memory Organization and Sequential Accessing for a Matrix 

Interleaved Memory Organization 
Another type of memory organization is implemented by 

interleaving matrices in the same memory segment (Figure 3). 
This can be found in the time multiplexed data acquisition and 
processing. The memory segment contains two sets of data 

Pointer X -------........ 

X11 

~~~~s.{X1j 

[Xl and [Yl. The entries of [Xl and [Yl are interleaved 
in the same segment of the memory and therefore 
the entries of each matrix is accessed at an interval 
of two. 

Pointer Y 

Y1j K]====::::::::-___ 

j [
::: ,X:2 ••• 

· " · , · , 
Xi1 

Xi1 

[

Y11 y12 ••• 

y21 " 

· " · , · , 
yi1 

Figure 3. Interleaved Memory Organization and Interval Accessing for Two Matrices 
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ADDRESS GENERATOR FOR A MATRIX MANIPULATION ENGINE APPLICATION NOTE AN-35 

Matrix Column Addressing 
In the example of multiplication in Figure 1. the multiplier 

matrix [B] is accessed by the column instead of the row. 

Therefore. the address pointer increments at an interval of k. 
the column size of the matrix. Figure 4 shows the memory 
organization and accessing of the matrix [B]. 

pointer B 
1st ROW 

Current j = 1 
Address Displacement (k Locations) 

bl1 b12 . 

:J li pointer B + 0 - b21· , -
"-

2nd ROW "-
j = 2 "-

pointer B+k + 0 bj1 

j = 1.2 ....• j 
k= 1. 2 •.... k 

+0 
LAST ROW 
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Figure 4. Sequential Memory Organization and Interval Accessing for Matrix [8] 

Address Generator 
Different addressing schemes are required to access 

different memory organizations. or different structured data 

organizations. An ALU-based address generator is best 
suited for this type of application since it can increment the 
address based on a pointer and a displacement (Figure 5). 

ADDRESS 

(a) 

+ T 
CURRENT ADDR + k 

(b) 
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Figure 5. ALU-based Address Generator for Matrix Column Addressing 

MATRIX UNIT OPERATIONS 
In a matrix multiplication (Figure 1) involving two matrices 2 

[A] and [B]. each entry in the product matrix [C] is obtained by 3 
summing the products which are obtained by multiplying the 4 
entries in the first matrix [A] with the corresponding entries in 5 
the second matrix [B]. 6 

The matrix multiplication process can be described as 7 
C-Ianguage program where the loop in the line 6 and 7 fetches 8 
two entries from the memory and stores the product entry back 9 
into the memory. The unit operation line 7 consists of a 10 
multiplication and an addition which can be performed in 
hardware with a single chip multiplier-accumulator. such as 
the IDT7210 16-bit MAC. 

7.8 

for (i = O. i < MaxRow_A •. i++) 
{ 

for (k = O. k < MaxColumn_B. k++) 
{ 

for (j = O. j < MaxColumn_A. j++) 
Cik = Cik + aij x bjk 

Max Row_A = number of row in matrix A. 
MaxColumn_A = number of column in matrix A. 
MaxColumn_B = number of column in matrix B. 
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PIPELINED MATRIX MANIPULATION ENGINE the pipeline registers (Figure 7). 

To implement the matrix operation in hardware, three 
functional blocks are required: the address generator, the 
multiplier/accumulator (MAC), and the memory (Figure 6). 
The IDT7383 or IDT7381 is used as the address generator. 
An IDT7210 is used to implement the multiply-accumulate 
operation. This implementation uses both pipeline registers 
and a multi-bank memory to achieve the highest performance 
using a high degree of parallelism. I n the pipelined architecture, 
four operations execute in parallel during a single cycle: 
generating a read address, reading out data from memory, 
loading two operands and multiplying and adding, and 
generating write address and writing data to memory. These 
four stages are easily identified by locating the clock input of 

The multiplication-and-addition is performed using a 
multiplier-accumulator. The two input data pipeline registers 
and output data pipeline register reduces the part count during 
pipelined operation. It allows the system to do the multiplication 
and addition while the result of the previous operation is stored 
into memory. 

The multi-bank memory allows the system to simultaneously 
access two entries of matrices [A] and [B]. It also allows the 
system to write the product entry into matrix [C] in the same 
cycle. It requires one address generator for each bank of 
memory to simultaneously access all three banks of memory. 
The 1 &-bit ALU-based address generator is capable of 
accessing up to 64K locations. 
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Figure 6. Block Diagram of Pipelined Matrix Manipulation Engine 
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ADDRESS GENERATOR FOR A MATRIX MANIPULATION ENGINE 

PIPELINED STAGE, DATA PATH, AND CYCLE 
TIME 

The first pipeline stage, i.e. address calculation, consists of 
the input pipeline registers and the ALU in the 10T7383/ 
IOT7381. The ALU calculates the address and sends the 
results to the output pipeline register. The propagation delay 
from the input clock to the valid result from the ALU is 25ns 

ClK 

A 0 
-q-
"'-C') 

c.o f-
() 

W 
u.. 
-q-

f- "'-
Q f-

Q 

A 

IOT6116 
SRAMs 

0 

x 

V 
IOT7210 MAC 

IOT6116 
SRAMs 

APPLICATION NOTE AN-35 

(Figure 7). 
The second pipeline stage, i.e. memory read, consists of 

the output pipeline register of the IOT7383/7381 and two 
banks of IOT6116 2K x 8 SRAMs. The address generator 
provides the address to the memory. The data is subsequently 
read from the memory. The propagation delay from the output 
clock to the memory output data valid is 33ns (Figure 7). 
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STAGE 1 
25ns 

STAGE 2 
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STAGE 4 
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Figure 7. Propagation Delay of the 4-Stage Pipelined Matrix Manipulation 

The third pipeline stage, i.e. multiply-accumulate, consists 
of the input registers and multiplier-and-accumulator in the 
IOT7210. Two operands are multiplied and added to the 
content retained in the accumulator. The result, stored in the 
accumulator, is ready to be clocked into the output register. 
The propagation delay from the clock of the input register to 
the valid output of the MAC is 25ns. 

The fourth pipeline stage, i.e. memory write, consists of the 
output pipeline register of the IOT721 0 and the third bank of 
I OT6116 2K x 8 SRAM. An address generator simultaneously 
provides the address for the memory write. The propagation 
delay from the clock of the t.-utput registerofthe IOT721 0 to the 

7.8 

end of the memory write is 32ns. 
The control section consists of the IOT6116 2K x 8 SRAM 

and IOT74FCT374 Octal register. It is found that the 
propagation delay is the combination of the output valid delay, 
6.5ns, and the instruction setup time, 19ns. The total 
propagation delay is 25.5ns. 

Effectively, the cycle time of this engine is determined by 
the memory read cycle which requires a 35ns cycle time. The 
four-stage pipelined cycle time and timing diagram are shown 
in Figure 8 and Figure 9. . For the corresponding control 
signals, please refer to the lOT data book. 
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Figure 9. Pipelined Timing Diagram of Matrix Manipulation Engine 
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SUMMARY 
A high performance matrix manipulation engine can be 

implemented by using the IOT7383/IOT7381 1&-bit ALU, 
IOT7210 MAC. and IOT6116 2K x 8 SRAM. A cycle time of 
35ns is achieved in the matrix unit operation engine by using 
a 4-stage pipelined architecture. These four stages, 
addressing, SRAM read, Multiply-Accumulate, and SRAM 
write, are pipe lined together so that effectively one matrix unit 
operation is processed every cycle. Both the IOT7383/ 
IOT7381 16-bit ALU and the IOT7210 16-bit MAC have on 

7.8 
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chip inpuUoutput pipeline registers, which reduce board space 
and chip count. 

Highly structured data is 'easily accessed by using the 
10T738317381 ALU-based address generator. The structured 
data may be organized in several ways: segmented 
organization, sequential organization, and interleaved 
organization. The ALU-based address generator supplies 
the sequential or non-sequential addresses based on the 
base-pointer and displacement provided by the system. 
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(;)® HIGH-PERFORMANCE GRAPHICS APPLICATION 

SYSTEM DESIGN USING THE NOTE 

IDT75C458 PaletteDACTM AN-37 
Integrated Device Technology, Inc. 

By Tao Lin, Wing Leung and Frank Schapfel 

INTRODUCTION 
The IDT75C458 PaletteDACTM is a triple 8-bit video DAC 

with on-chip dual-ported color palette memory. The 
PaietteDAC is optimally designed for use in high performance 
bit-mapped graphics display applications. The architecture 
eliminates the ECl pixel interface by providing multiple 
TTl-compatible pixel ports and by multiplexing the pixei data 
on chip. 

Video data rates of 165MHz enable color monitors of 1600 
x 1280 pixel resolution to display up to 256 simultaneous 
colors from a palette of 16.8 million colors using one 
PaletteDAC. Using three IDT75C458s, the full spectrum of 
16.8 million colors can be displayed, a required feature in true 
color, photo realistic graphics display. 

Synchronizing Three PaletteDACs 
When synchronizing three PaletteDACs for true color 

applications, an on-chip Phase-locked loop (Pll) fixes the 
pipeline delay from the pixel input ports to the triple DAC. The 
Pll sets the pipeline delay to nine clock cycles, and insures 
synchronization of the three PaletteDACs with only one clock 
signal. The performance of true color systems is enhanced 
because the time skew from the digital components of the 
pixel data path. 

Other implementations of the PaletteDAC, such as the 
Brooktree® 81458, have a variable pipeline delay of six to ten 
clock cycles, which must be set du ring the power up sequence. 
To set the pipeline delay of the Bt458, a complicated power up 
and timing sequence is necessary by starting, stopping and 
re-starting the CLOCK and CLOCK signals. When using 
multiple Bt458s, a hardware reset of the blink counter circuitry 
is not possible when setting the pipeline delay to 8 clock 
cycles. Therefore, the blink counters must be synchronized 
using software control. 

The PaletteDAC's on-chip Pll automatically sets the 
pipeline delay to 9 clock cycles, thereby eliminating the 
complicated power up sequence required by the Bt458. We 
will discuss the mechanism to fix the pipeline delay and the 
role of the Pll. 

On-Chip Phase-locked loop 
The next generation, true color graphics display will use a 

1600 x 1280 pixel resolution screen and requires three 
PaletteDACs with the pixel clock operating at 165MHz to 
display the full spectrum of 16.8 million colors. Typically, slow 
speed video RAMs (VRAM) built using dynamic RAM 
technology store the pixel information in the frame buffer. Five 

PaletteDAC is • trademark 01 Integrated Device Technology, Inc. 
Brooktree is • registered trademark of Brooktree Corporation 

(01990 Integrated Device Technology. Inc. 7.9 

pixel ports and internal multiplexing on the PaietteDAC enable 
a TTL-compatible interface to the frame buffer while 
maintaining a 165MHz pixel clock rate. 

On the rising edge of load Clock input (lD) color data for 
four or five consecutive pixels is latched into the PaletteDAC. 
Therefore, the lD signal is four to five times slower than the 
pixel clock (ClK), and is typically derived by externally dividing 
the pixel clock by 4 or 5. Inevitably, the lD signal is phase 
shifted with respect to ClK because of the propagation delay 
of generating lD. 

External CLOCK 

External LD 

IDT75C458 
Phase 
Locked 
Loop 

Internal CLOCK 

Internal LD 

2592 drw 01 

Figure 1. Phase Locked Loop on the PaietteDAC 

The Pll on the IDT75C458 synchronizes the lD and ClK 
signals. As shown in Figure 1, the Pll receives the external 
lD and ClK signals and generates internal lD and ClK 
signals. The phases of the external lD and external ClK may 
differ, (Figure 2). The Pll corrects the phase shift by forcing 
the internal lD and internal ClK to have the same phase. The 
Pll approach guarantees that the internal lD follows the 
external lD by less than one pixel clock cycle. Alternatively, 
the internal counter approach implemented in the Bt458 
allows the internal lD to follow the external lD by between one 
and four clock cycles. 

External CLOCK 

External LD 

Internal CLOCK 

Internal LD 
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Figure 2. Phase Relationship of the Internal and External Load 
Clock and Clock 
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Fixing the Pipeline Delay 
Figure 3 illustrates the data path inside the PaietteDAC for 

the pixel select input data, overlay select input data, SYNC 
and BLANK signals. All data operations are pipe lined to 
maximize throughput performance. The rising edge of external 
LD latches pixel data to the Master Latch while the rising edge 
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of the internal LD latches pixel data to the Slave Latch. All 
subsequent internal data operations are controlled by the 
internal pixel clock. Since the on~hip PLL forces the internal 
LD signal to follow the external LD by less than one clock 
cycle, the pipeline delay from the pixel input port to the triple 
DAC is fixed at 9 clock cycles. 

lOR 

R 
E COLOR lOB 

A PALETIE 
D lOG 

DELAY REGISTERS 
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Figure 3. Pixel Data Path of the IDT75C458 

25MHz Graphics Engine Interface 
Today's high-speed graphics workstations employ graphics 

engines operating at clock frequencies in excess of 10MHz. 
The I DT75C458's microprocessor interface can handle a data 
rate of up to 25MBytes per second. The enhanced interface 
to the color palette allows today's 25MHz graphics engines or 
RISC microprocessors, such as the IDT7953000, the ability to 
change the colors in the PaletteDAC's RAM thereby increasing 
the throughput of the controlling microprocessor. Since the 
I DT75C458 is intended for high-speed operation, there is less 
control timing error tolerance compared to that of a slower 
part. To maintain proper operation, the control timing 
parameters (Le., zero write data hold time) must not be 
exceeded at full operational speed and throughout the 
operational temperature range. 

High-Speed Analog Output 
To achieve a 165MHz pixel conversion rate, the analog 

outputs are designed to operate with a 1.5ns rise/fall time at 
a full-scale swing of 0 to 0.7V. The full-scale output settles 
within 6ns (including the rise and fall time) with proper 
termination and an output load to 17pF. The fast settling time 
is the result of the low output capacitance (7-8pF) of the 
digital-to-analog converters and the minimal package 
inductance of the 84-pin grid array and plastic leaded chip 
carrier (PLCC). 

7.9 

High Performance Design Considerations 
When designing high performance digital and analog 

systems using the IDT75C458, special attention should be 
paid to the PC board layout, impedance matching and 
decoupling considerations, as these are crucial to minimizing 
noise and obtaining stable performance. 

Analog Output Connection and Impedance Matching 
To fully utilize the superior performance capabilities of the 7 

IDT75C458, special attention must be paid to the handling of 
the analog output signals. To minimize the transmission line 
effects, accurate termination resistance, cable assembly and 
well-matched characteristic impedance in the operating 
frequency range are necessary. The loading impedance to 
the analog outputs resulting from the PC board metal trace, 
cable assembly, and termination must not be inductive. 
Inductive loading impedance introduces overshoots and ringing 
on the analog output waveforms, which in turn in increase the 
settling time and smear images on the CRT screen. To avoid 
inductive loading impedance, the PC board metal traces 
connecting the analog outputs of the IDT75C458 to the BNC 
must be as short as possible, as illustrated in Figure 4. 

For most applications, the inductive effect can be cancelled 
out (at the expense of frequency bandwidth) by adding 10 to 
20pF capacitor at the analog outputs as close to the package 
pins as possible. Each analog output should have a 75 ohm 

2 
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load resistor connected to ground to achieve maximum 
performance. To minimize transmission line effect reflections, 
the resistors should have the shortest leads and be placed as 
close to the IDT75C458 as possible. 

750hm 

For/= 
Impedance 

Red Green Blue 

Matching r---'-----'-----,----'----, 
lOR lOG lOB 

IDT75C458 

Capacitors 
To Cancel 
Inductive 
Effects 

Very Short 
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Figure 4. Output Connection and Impedance Matching 

Ground Plane 
Although the ground pins on the IDT75C458 are called 

analog ground (AGND), they should be connected to the 
digital groundplane of the PC board through ferrite beads and 

IDT75C458 

VAA 
(PGA: Pin L7 & M7) t 0.1~F T (PLCC: Pin 63, 64) O.01IlF 

decoupled to the analog V AA. To minimize noise on the board, 
the analog groundplane area should surround all peripheral 
circuitry and connections forthe IDT75C458: the decoupling 
capacitors, the external voltage reference circuitry, the analog 
output traces and output amplifiers and all digital input signals 
leading to the IDT75C458. 

Analog Power Plane and Supply Decoupling 
Most of the circuits on the chip are synchronized to the pixel 

clock and switch at the clock edges. Consequently, large 
voltage spikes are generated on the power supply lines. 
Without good power supply decoupling these voltage spikes 
can be decoupled to the analog outputs and result in a snowy 
screen. Therefore, a separate analog power plane should be 
furnished forthe I DT75C458 and its associated analog circu itry. 
Figure 5 illustrates how the analog power plane should be 
connected to the digital PC board power plane (Vee) at a 
single point through a ferrite bead located as close as possible 
to the IDT75C458. The IDT75C458 has six analog ground 
pins separated into three groups, with each group decoupled 
with a 0.1 JlF ceramic capacitor in parallel with a 0.1 JlF chip 
capacitor. These capacitors should be installed close to the 
PaietteDAC using the shortest leads possible. 
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(PLCC: Pin 23, 27) 

VAA 
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J-O.O r 

PC Board 
Vee 

11lF 
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Figure 5. Analog Power Plane and Decoupling of Each Group of Analog Pins 

Forthe lowest levels of cross talk and noise pickup between 
the PaletteDAC's analog circuitry and the digital traces on the 
printed circuit board, power for the digital logic should come 
from the digital power supply plane. 

CONCLUSION 
The PaietteDAC provides an easy upgrade of existing high 

performance graphics display boards: With the 165MHz 
version, a 1600 x 1280 pixel screen resolution can be achieved 

7.9 

with minimal design effort. Taking advantage of the on-chip 
phase locked loop, three PaletteDACs display true color 
images using a palette 6f 16.8 million colors, without 
complicated external synchronization circuitry. The 25MHz 
microprocessor interface allows today's high performance 
graphics engines and R ISC microprocessors to change palette 
colors without wait states. The PaietteDAC clearly supplies 
the best upgrade path for t,?day's graphics display boards. 
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(;)® USING THE IDT75C457s APPLICATION 
PaletteDACTM IN TRUE-COLOR NOTE 
AND MONOCHROME AN-63 

Integrated Device Technology, Inc. GRAPHICS APPLICATIONS 

by Tao Lin 

The IDT75C457 is the newest member in the IDT 
PaletteDACTM family which targets high-performance graphics 
systems. The IDT75C457 is primarily used in high-resolution 
true-color applications, although it can also be applied to 
high-resolution monochrome graphics systems. 

Besides having all the features of the industry standard 
Bt457, the IDT75C457 is unique in that the device includes 
an on-Chip Phase-Locked Loop (PLL) and consumes less 
power. The block diagram of the IDT75C457 is shown in 
Figure 1. The PLL automatically synchronizes the load-data 
clock, LD, and the high-frequency pixel clock, CLOCK. This 
feature results in the following major advantages of the 
IDT75C457 over the Bt457: (1) a reset operation is not 
required. Therefore, an external clock chip with a reset feature 
such as the Bt439, is not necessary, (2) the internal pipeline 
delay is automatically fixed to 9 clock cycles and (3) in true­
color graphics systems where three IDT75C457s are used 
for red, .green and blue channels, respectively, the internal 
pixel clocks of all the three chips are synchronized to the 
same external reference clock, LD. The synchronization 
minimizes the internal pixel clock skew from chip to chip. 
Consequently, the video output skew among the three 
channels is usually within sub-pixel resolution even without 
an external PLL. 

The low power consumption of the device results from the 
lower static and dynamic switching current of the chip. Thus, 
the IDT75C457 generates less digital noise than the industry 
standard part. As a result, less noise is coupled to the analog 
output and the display quality is improved. To further decouple 

NOTE: 

the internal analog circuitry from outside noise and improve 
the stability of the analog video output, it is recommended 
that a separate ground be provided for the external voltage 
reference circuitry. 

A typical configuration using the IDT75C457 in a 
monochrome graphics system is shown in Figure 2. In true­
color' applications, three IDT75C457s are needed and a 
typical configuration is shown in Figure 3. Note that a separate 
ground is provided for the external voltage reference circuitry. 
This ground is connected to the PC board ground plane at a 
single point through a ferrite bead. Moreover, for maximum 
and stable performance, designers using the IDT75C457 
should pay close attention to high-speed design issues such 
as PC board layout, impedance matching and decoupling. 
They should follow the same guidance as given in 
Application Note AN-37(1) for the IDT75C458. 

Since the IDT75C457 does not need an external clock 
reset operation to synchronize the internal clock signals, the 
clock generator can be simply built using a crystal oscillator 
and a few ECL chips. Figure 4 shows a typical clock circuit 
using three t=CL chips for either 4:1 multiplexing or 5:1 
multiplexing. Figure 5 shows another typical clock circuit 
using two ECL chips for 5:1 multiplexing. 

In conclusion, the IDT75C457 simplifies the design of 
high-resolution graphics systems and, with the advantages 
of the internal PLL and low power dissipation, offers the best 
upgrade path towards tomorrow's photo-realistic graphics 
display systems. 

1. Tao Lin, Wing Leung and Frank Schapfel, "High-performance Graphics System Design Using the IDT75C458 PaletteOACTM", lOT 
Application Note AN-37. 

PalietteDAC is a trademarks of Integrated Device Technology. Inc. 

©1990 Integrated Device Technology, Inc. 7.10 6190 
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t;)® PROTECTING YOUR DATA APPLICATION 
WITH THE IDT49C465 NOTE 
32-81T Flow-thruEDCTM UNIT AN-64 

Integrated Device Technology, Inc. 

by Tao Lin, Gerard Lyons and Frank Schapfel 

INTRODUCTION 

A TIME FOR ERROR· FREE MEMORIES 
With the advent of high-performance 32-bit RISC and 

CISC microprocessors, general purpose computing across a 
wide spectru m of applications software is now easily 
accessible on a desktop. We can now draw on computer 
resources which are very sophisticated, multi-task systems 
with distributed processing power, and we no longer must rely 
on the centralized mini-computers and mainframes for 
processing horsepower. Both the technical and the commercial 
computing environments demand the insatiable hunger for 
processing power. 

This increasing demand for sophisticated applications 
software requires more system memory on a local level. 
Tightly coupled microprocessors and cache memory are 
designed for optimized processing throughput, but the cache 
memory is no substitute for system memory. Cache memory 
is typically composed of very high-speed static RAMs, with 
access times of 35 nanoseconds or less. System or main 
memory is almost always comprised of slower but very 

Typical 
Error 
Rate 

high-density dynamic RAMs, typically with access times of 
100 nanoseconds or more, but with four times the density of 
static RAMs. So, when the state-of-the-art static RAMs are 1 
Megabit large, the newest density dynamic RAM is 4 Megabits. 
Therefore, dynamic RAMs will always provide the most 
cost-effective implementation for system memory. 

Dynamic RAMs, though, are very prone to externally 
induced errors. These externally induced errors are called soft 
errors, since they do not cause permanent damage to the 
memory cell. Soft errors can be induced by system noise, 
alpha particle and power supply surges, and will cause random 
data bits to be flipped from "1" to "0", or vice versa. Although 
these soft error occurrences may be rare and inconsequential 
when using small amounts of DRAMs, large DRAM arrays are 
much more error prone. Also, as seen in Figure 1, larger 
DRAM components are much more susceptible to soft errors 
by virtue of their smaller memory cell size. Hardware errors 
may also occuron system memory boards. These hard errors 
occur if one RAM component or RAM cell fails and is stuck at 
"0" or stuck at "1". Although less frequent, hard errors may 
cause a complete system shut down. 

% Per 
1,000 Hours 

• SOFT ERRORS DUE TO ALPHA PARTICLES ONLY 

o HARD ERRORS 

0.1 

0.01 

0.001 

0.0001 

Density Bits/Chip 

Flow-thruEDC is a trademark of Integrated Devioe Technology. Inc. Figure 1. Typical Error Rates 
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PROTECTING YOUR DATA WITH THE IDT49C465 
32-BIT Flow-thruEDCTM UNIT 

ERROR CORRECTION TO THE RESCUE 
A scheme exists that not only is able to detect soft and hard 

errors, but is capable of correcting the erroneous bits. This 
scheme is implemented by a family of error detection and 
correction chips from Integrated Device Technology. Using a 
modified Hamming code, developed at AT&T Bell Labs, all 
single-bit errors may be detected and corrected, while all 
two-bit and most three-bit errors can be detected. I DT pioneered 
EDC chips, using CMOS technology in 1986, after recognizing 
the importance of large DRAM memory arrays in distributed 
computing. 

TYPICAL ARCHITECTURE OF 
HIGH-PERFORMANCE RISC/CISC SYSTEMS 

Figure 2 shows a typical architecture of high-performance 
RISC orCISC systems which have the following features: (1) 
high-speed cache memory (separate or common, Instruction­
cache and Data-cache) for fast access to frequently used 
instructions and data, (2) write and read buffers to handle the 
mismatch between the high-speed CPU and the slow-speed 
main memory and (3) high-speed flow-thru EDC unit to insure 
data integrity. 

While most high-performance computer systems in cur­
rent market have the first and second features, the third 
feature is becoming more attractive and important when the 
main memory space grows and the memory word-length 
increases. Certainly, using an EDC unit is an effective way 
to improve the system reliability. 

GENERAL EDC OPERATION 
The basic function of an EDC device is to check the 

integrity of data being read from a memory system, flag an 
error if one has been detected and if possible correct that 
error. The I DTfamily of EDC devices implements this function 
using the same general principles, with some variations from 
device to device. 

APPLICATION NOTE AN-64 

The operation of an EDC device can be generally split 
into:(1) generation of a coded word based on the data-word 
being written to memory. This coded word is called The 
Check-Bit Word. This operation is called Generate; (2) 
detection of errors in a data-word read from memory by 
comparing the corresponding check-bit word read from 
memory and a newly generated check-bit word (based on the 
data-word read from memory) and if possible correcting this 
error. The comparison of these two check-bit words 
(an exclusive-or (XOR) function) produces the so-called 
Syndrome Word. This operation is called Detect/Correct. 

The coding scheme employed in IDT's EDC devices is a 
modified Hamming Code. For each data-word written to 
memory, a coded pattern, or check-bit word, is appended to 
the date-word. The new word (the data-word plus the check­
bit word) can be termed a valid code. The modified Hamming 
Code establishes a Distance-of-4 between one valid code 
and another. This means that to go from one valid code to 
another, 4-bits have to change. It can be shown that a 
Distance-of-4 code enables you to detect all Single and 
Double-Bit errors and correct all Single-Bit errors. 

To implement a Distance-of-4 code on a 32-bit data-word, 
a 7-bit check-bit word must be appended. For a 64-bit word, 
a 8-bit check-bit word must be appended. The Hamming 
Code algorithm to generate a check-bit word from a 32-bit 
data-word or a 64-bit data-word can be found in either 
I DT 49C460 data sheet or I DT 49C465 data sheet. 

EDC ARCHITECTURES AND WORD-LENGTH 
There are two basic architectures for EDC operation: flow­

thru and bus-watch. IDT provides a full line of EDC devices to 
support 16-bit and 32-bit bus-watch architectures and 32-bit 
and 64-bit flow-thru architectures, as shown in Table 1. 

Part Number Architecture Word-length Comment 

IDT39C60 Bus-watch 16-bit 
Cascadable up to 64-bit 
using 4 devices 

IDT49C460 Bus-watch 32-bit 
Cascadable up to 64-bit 
using 2 devices 

IDT49C465 Flow-thru 32-bit 
Cascadable up to 64-bit 
using 2 devices 

IDT49C466 Flow-thru 64-bit 

Table 1. IDT EDC Product Line 
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PROTECTING YOUR DATA WITH THE IDT49C465 
32·BIT Flow-thruEDCTM UNIT 

BUS·WATCH ARCHITECTURE 
A bus-watch EDC such as the IDT49C460 has a single 

data bus. The basic configurations, using the IDT49C460 for 
common 110 memory and separate 110 memory, are illustrated 
in Figure 3. 

During a write (store) operation, the CPU sends data to the 
main memory. Atthe sametimethe datagoestothe EDC unit, 
which then generates the check bits and stores them in the 
check-bit memory. 

On the other hand, during a read (load) operation, the data 
from the main memory and the check bits from the check-bit 
memory first go to the EDC unit. Based on the information 
carried by the check bits, the EDC unit can detect all single-bit 
and some multiple-bit errors, and correct all single-bit errors. 
The corrected data is then sent to the CPU. 

FLOW-THRU ARCHITECTURE 
In contrast to a bus-watch EDC, a flow-thru EDC such as 

the IDT49C465 provides two data buses: a system data (SD) 
bus and a memory data (MD) bus. The dual-bus architecture 
improves the throughput of the EDC operation and simplifies 
the interface between the CPU system bus and the memory 

~ __ --~-: .-.. , .-. ~7;:---... -.•.• -~--.• -.•.• __ ----__ ~, 
I ..... ........ ... .. ! 

SD
O

_
31 
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bus. The basic configurations usingthe I DT 49C465 for common 
I/O memory and separate I/O memory are illustrated in 
Figure 4. 

In the common I/O configuration, during a write (store) 
operation, the data from CPU flows through the EDC unit and 
is written to the main memory. When the data flows through 
the EDC, the check bits are generated and stored into the 
check-bit memory. During a read (load) operation, the data 
from the main memory enters the EDC unit through the MD 
bus while the check bits enter the EDC unit through the CBI 
bus. The EDC unit then detects any errors and loads the 
corrected data to the CPU through the SD bus. 

In the separate I/O configuration, during a write (store) 
operation, the data from CPU are directly sent to the main 
memory. At the same time, the data is sent to the EDC unit 
through the SD bus. The EDC unit then generates the check 
bits and stores them into the check-bit memory. During a read 
(load) operation, the data from the main memory enters the 
EDC unit through the MD bus while the check bits enter the 
EDC unit through the CBI bus. The EDC unit then detects any 
errors and loads the corrected data to the CPU through the 
SD bus. 
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PROTECTING YOUR DATA WITH THE IDT49C465 
32-81T Flow-lhruEDCTM UNIT 

CASCADING 32-BIT EDC DEVICES FOR 64-BIT 
MEMORY SYSTEMS 

As mentioned in the previous section, for a 32-bit data 
word, 7 check bits are necessary, while for a 64-bit data word, 
8 check bits are needed. Although the IDT49C460 and the 
IDT49C465 are both 32-bit EDC units, they have an S-blt 
output-bus for output of generated check-bits to memory and 
an S-bit input bus to read back check-bit from me mory. I n this 
way, they can be cascaded to support 64-bit applications. In 
the 32-bit mode, only 7 bits of the check-bit input and output 
buses are used, while in the 64-bit mode, all 8 bits are used. 

Figure5shows how two IDT49C465s (ortwo IDT49C460s) 
can be cascaded to build a complete 64-bit EDC unit. In the 
cascaded 64-bit mode, the EDC operation can be broken into 
two stages; a lower 32-bit stage and an upper 32-bit stage. 

For the IDT49C465 (see Figure 5a), a general description 
of the EDC operation is discussed below. 
1. Generation starts by generating a Partially Generated 

Check-bit Word in the lower slice, based on the lower 
32-bit of the 64-bit data-word, and sending this to the 
upper slice. The upper slice combines the Partially 
Generated Check-bit word from the lower slice, with its 
generated check-bit word (based on the upper 32-bit of 
the 64-bit data-word), to form a final check-bit word. Thus, 
the source of check-bit in a cascaded system is the 
upper-slice device. 

2. Detection/Correction starts in the lower-slice where the 
check-bits from memory are input, as well as the lower 
32-bit of the 64-bit data-word. Here the inputted check­
bits are compared with the newly generated check-bits 
(based on the lower 32-bit of DATA-word) using an XOR 
function to produce a Partial Syndrome Word, which is 
passed onto the upper-slice device. At the same time, in 
the upper slice the upper 32-bits of 64-bit data-word is 
used to generated a so-called Partial Check-Bit Word 
which is sent to the lower slice. So now we have in both 
the upper and lower slice devices almost simultaneously 
two pieces of data; the Partial Syndrome Word (gener­
ated in the lower-slice) and the Partial Check-Bit Word 
(generated in the upper-slice). In each slice these two 
pieces of data are XOR'd to produce a Final Syndrome 
Word which is used to detect and correct errors on the 
64-bit data word. 

APPLICATION NOTE AN-64 

The IDT49C460 carries out Detect/Correct slightly differ­
ently (see Figure 5b), namely, the Partial Syndrome gener­
ated in the lower-slice is sent to the upper slice, then the Final 
Syndrome is generated in the upper-slice and this Final­
Syndrome is now fed back to the lower-slice. Thus Detect/ 
Correct in the lOT 49C460 employs a serial approach, whereas 
the IDT49C465 uses a faster paralleled approach. Moreover, 
in the IDT49C460 case, an additional tri-state buffer such as 
the I DT74FCT244 is needed while in the I DT 49C465 case, no 
additional external logic is needed. 

OVERVIEW OF THE IDT49C465 
ARCHITECTURE 

The IDT49C465 architecture is an evolutionary develop­
ment on the IDT49C460 EDC device. The IDT49C460 is a 
single-bus32-bit EDCcascadableto 64-bits. The IDT49C465 
draws on this basic architecture to provide a dual-bus or 
flow-Thru 32-bit EDC cascadable to 64-bits. Figure 6 shows 
a block diagram of the IDT49C465; the key difference 
between the lOT 49C460 and the I DT 49C465 is the presence 
of a second 32-bit DATA bus to provide the flow-thru path for 
data through the device. 

DATA BUSES 
The System Data Bus, or SO Bus, is a 32-bit bi-directional 

bus. Data is written to the EDC using this bus for Check-Bit 
Generation, so that when a data-word is written to memory 
the corresponding check-bits are written simultaneously. Also 
when a data-word read from memory is corrected, the cor­
rected data-word is read from the SO Bus by the system 
processor. The SD Bus has associated with parity-checking 
and generation and also separate byte enables on the SD Bus' 
output buffers so that Partial Byte operations can be sup­
ported. 

The Memory Data Bus, or MD Bus, is a 32-bit bi-directional 
bus. Data written from the system processor through the SD 
Bus can be written to memory using this bus. When the 
processor is reading a word from memory, the data word is 
read in through the MD Bus and the corrected data word 
(depending on the status of the data) is sent to the processor 
through the SO Bus. 
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EXPANSION BUSES 
The IDT49C465 has four 8-bit buses that are an integral 

part in the Detect/Correct path for both a 32-bit EDC system 
and a 64-bit EDC system. 

CBI(7:0) 
1. When the IDT49C465 is operating as a 32-bit EDC 

system or is the lower 32-bit slice in a 64-bit EDC system, 
this 8-bit bus is the input port for Check-Bits read from 
Memory. 

2. When the IDT49C465 is operating as the upper 32-bit 
slice in a 64-bit EDC system, this bus is the input port for 
partial Syndromes from the lower slice. 

PCBI(7:0) 
1. When the IDT49C465 is operating as a 32-bit EDC 

system, this bus is unused. 
2. When the lOT 49C465 is operating as the lower 32-bit slice 

in a 64-bit EDC system, this 8-bit bus is the input port for 
Partial Check-Bits read from the upper slice. 

3. When the IDT49C465 is operating as the upper 32-bit 
slice in a 64-bit EDC system, this bus is the input port for 
Partially Generated Check-Bits from the lower slice. 

Operating Modes 
The IDT49C465 has 3 mode control pins, MODEID(2:0), 
which enable the user to select which mode the part is 
operating in. These modes are summarized in Table 2. 

APPLICATION NOTE AN-64 

CBO(7:0) 
1. When the IDT49C465 is operating as a 32-bit EDC 

system or is the upper 32~bit slice in a 64-bit EDC system, 
this 8-bit bus is the output port for Check-Bits being written 
to Memory 

2. When the lOT 49C465 is operating as the lower 32-bit slice 
in a 64-bit EDC system, this bus is the output port for 
Partially Generated Check-bits being sent to the upper 
slice. 

SYO(7:0) 
1. When the IDT49C465 is operating as a 32-bit EDC 

system, this 8-bit bus outputs the Final Syndrome word 
associated with the DetecVCorrect logic. 

2. When the lOT 49C465 is operating as the lower 32-bit slice 
in a 64-bit EDC system, this bus is the output port for 
Partial Syndrome word being sent to the upper slice. 

3. When the IDT49C465 is operating as the upper 32-bit 
slice in a 64-bit EDC system, this bus is the output port for 
Partial Check-bit word being sent to the lower slice. 

MODE DESCRIPTION 

000 ERROR DATE MODE 

X01 DIAGNOSTIC OUTPUT MODE 

X10 GENERATE-DETECT MODE 

100 CHECK-BIT INJECTION MODE 

X11 NORMAL OPERATING MODE 

Table 2. IDT49C465 Operating Modes 
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PROTECTING YOUR DATA WITH THE IDT49C465 
32-BIT Flow-thruEDC'"M UNIT 

ERROR DATA MODE (000) : 
In this mode the contents of the Error-Data Register are 

output uncorrected on the SO Bus. The Error-Data Register 
is a 32-bit register which gets latched under the following 
conditions: 1. an error condition has been detected by the 
EDC-ERROR) and is asserted low, 2. the on-chip 4-bit 
Error-Counter reads zero 0000 (Le. no error has occurred 
since the last clear operation), 3. the input Signal, SCLKEN), 
is held low so that the diagnostic clock, SYNCLK, is enabled, 
4. the diagnostic clock, SYNCLK, undergoes a LOW-to-HIGH 
transition. 

Data islatched into the Error-Data Registerfrom the output 
of the Memory Data Latch when and only when these condi­
tions are met. Thus, the Error Data Register contains the 
Memory Data word corresponding to the first error since a 
clear operation (assuming SYNCLK has been run continu­
ously). If the Error Data Register has just been cleared, then 
output of the contents of this register will provide a source of 
zero-data if that is required. 

DIAGNOSTIC OUTPUT MODE (X01) : 
In this mode a 32-bit Diagnostic Word is output on the SO 

Bus. The structure of this word is outlined in Figure 7. 

BITS 0:7 The output of the check-bit multiplexer is output 
directly on the SO Bus at these positions (LSB at 
bit 0 and MSB at bit 7). 

BIT 8:15 Whatever is being forced on the PCBI(7:0) input 
pins is output on the SO Bus at these positions 
(LSB at bit 8 MSB at bit 15). 

Error 
Test 

Error Syndrome Bits 
Type Counter Register Contents 

Byte 3 Byte 2 
Mis -1- 23 1 221 2' I 2° 716151413121110 

APPLICATION NOTE AN-64 

BIT16:23 The contents of the Syndrome Register, which is 
an 8-bit register within the Diagnostic Unit, is 
output on the SO Bus at these positions (LSB at 
bit 16, MSB at bit 23). The Syndrome Register 
gets latched at the same time as the Error Data 
Register and contains the Final Syndrome corre­
sponding to the first error to occur since a clear 
operation. . 

BIT 24:27 The contents of the on-chip 4-bit Error-Counter 
are output on the SO Bus at these positions (LSB 
at bit 23 and MSB at bit 27). The Error-Counter 
which gets clocked under the following condi­
tions: 1. An error condition has been detected by 
the EDC, i.e. xto(ERROR) is asserted low, 2. the 
on-chip 4-bit Error Counter does not read 1111 
(or F HEX), therefore, not more than 16 errors 
have occurred since the last clear operation, 3. 
the input Signal, xto(SCLKEN), is held low so that 
the diagnostic clock, SYNCLK is enabled and 4. 
the diagnostic clock, SYNCLK, undergoes a LOW­
to-HIGH transition. 

The Error Counter will tell the number of errors 
that have occurred since the last clear operation. 

BIT28:29 Reserved 

BIT30:31 The contents of the Error Signal Register, which 
is a 2-bit register is output on the SO Bus at these 
positions (SB at bit 30 and.MSB at bit 31 ). Bit 0 
and bit 1 of the register are set if a Multiple Error 
has been flagged and bit 1 only is set if a Single 
Error has been flagged at the same time and 
underthe same conditions as the Error Data and 
Syndrome Registers are latched. 

Partial Checkbits 
Checkbits 

from Input Pins 

Byte 1 Byte 0 
716151413121110 716151413121110 

31 28 27 24 23 16 15 8 7 

Figure 7. Output Syndrome/Diagnostic Word 
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GENERATE-DETECT MODE (X10) : 
In this mode, detection and generation take place but no 

correction. Data whether correct or not, passes thru the 
device from the MD Bus to the SD Bus. 

NORMAL OPERATING MODE (X11) : 
This is the mode where normal detection/correction and 

generation takes place for a single-slice device (32-bit EDC 
system) or for the upper and lower slices in a cascaded 64-bit 
EDC system. 

CHECK-BIT INJECTION MODE (100) : 
In this mode the check-bit multiplexer enables bits 0:7from 

the output of the System Data Latch to be fed into the EDC as 
a check-bit input, normal correction is activated. This is a very 
useful capability for carrying out a diagnostic check on the 
detecUcorrect path of the EDC. 

PARITY FOR THE SYSTEM BUS 
The IDT49C465 supports byte parity on the SD Bus, with 

the polarity of the parity ( even or odd) selectable using the 
input pin PSEL. If PSEL is low, then parity (both checking and 
generation) will be even. If SPSEL is high, then parity will be 
odd. The part has 4 parity I/O lines one for each byte of the SD 
Bus and a parity error signal, PERR), which flags a parity error 
on in-coming data by being asserted low. 

PARTIAL BYTE WRITE AND READ-MODIFY-WRITE 
CAPABILITY 

The IDT49C465 supports, through a number of features, 
Partial Byte Writes and Read-Modify-Writes cycles. Firstly 
the SD Bus has 4 Byte Enable signals associated with it, 
BE(3:0), these input lines provide, in conjunction with SOE), 
separate output enable control on each byte of SD bus data. 
The BE bus is also the control input to the Sys-Byte-Mux, this 
mux enables mixing on a byte-by-byte basis of data from the 
SD latch (A input to mux) and from the Pipe-Line latch (B input 
to mux). So, for example, if the processor wanted to do a 
Partial Write or Partial Store of a byte (byte position 3) to a 
memory location byte position 3 the following sequence would 
occur: (1) read the memory location in question through the 
MD Bus and correct if possible or necessary. The corrected 
data-word will be latched into the Pipe-Line latch, (2) the byte 
to be written is latched into the SD Latch at byte position 3, all 
other byte are undetermined, (3) Now we have both pieces of 
data necessary to construct the 32-bit word to be written to 
memory and (4) BE(3) is held low and all other BEs are held 
high. Thus the output of the Sys-byte-Mux is the correctly 
constructed 32-bit word which is then written to memory 
through the MD Bus with it's corresponding check-bits. 

64-BIT GENERATE 
A very useful and ultimately cost-saving measure associ­

ated with the IDT49C465, is its 64-bit generate mode. If the 
CODE ID of the IDT49C465 is set at 01, the part is configured 
as a single-slice 64-bit generate EDC. While operating in this 
mode, the lower 32-bit of the 64-bit data word is input on the 
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MD bus pins and the upper 32-bit of the 64-bit data word is 
input on the SD bus. The 8-bitgenerated check bits are output 
on the CBO bus. In 64-bit generate mode, the EDC is dedi­
cated to check-bit generation, all other features are disabled. 

Because the 64-bit generate is executed in a single slice, 
very fast generate speed can be achieved (15ns as opposed 
to 30ns in a two-slice 64-bit cascaded system). This feature 
can also help reduce part count. In 64-bit memory systems, it 
is common to use 4 32-bit EDC devices; 2 for detecUcorrect 
and 2 for generate. With the 64-bit generate capability, this 
part count is reduced from four to three. 

WHY FLOW-THRU EDC 
To fully understand the advantages of the IDT49C465 

flow-thru EDC over the IDT49C460 bus-watch EDC, it is 
necessary to first know the architectural differences between 
the IDT49C465 and the IDT49C460. Figure 8 compares the 
simplified internal architectures of the two chips. As com­
pared with the IDT49C460, the IDT49C465 has the following 
unique features: 

• Dual data buses 
• Dual check-bit generators: one for SD Bus and the other for 

MD bus 
• Independent check-bit generation path 
• Independent error detection/correction path 
• Dedicated syndrome output 
• Dedicated check-bit output 
• Output pipeline latch 
• Parity check/generation 

These features greatly simplify the interface of the EDC 
unit with the system data bus and the memory data bus, and 
thus can considerably improve the system performance. 
Generally speaking, in a single bus EDC architecture like the 
IDT49C460, the data bus connects to both the processor and 
the memory system. Thus, in a normal correction cycle, data 
is read into the EDC from memory through the data bus, and 
the data is corrected. Then, the data bus is enabled as an 
output and the corrected data is sent to the processor. 
Therefore, during a correction cycle, the data bus must be II 
turned around from being an input to being an output. 
Consequently, a single bus architecture has inherent delays 
associated with the enable/disable times of the data bus 
output buffer. On the other hand, separate data buses, as in 
the IDT 49C465, allow us to dedicate buses to a specific 
direction of data flow and, as such, is a superior architecture. 

In a 32-bit system using common I/O memory, the dual bus 
architecture of the IDT 49C465 allows direct interface of the 
flow-thru EDC unit with the system data bus and the memory 
data bus, as shown in Figure 4a. On the other hand, if the 
I DT 49C460 is used, then two sets of transceivers are needed 
to buffer both system data bus and memory data bus to the 
single data bus of the IDT49C460, as shown in Figure 3a. 

Similarly, in a 32-bit system using separate 110 memory, 
the dual bus architecture of the IDT49C465 allows direct 
interface of the flow-thru EDC unit with the memory data bus. 
Only a single set of transceivers is used to connect the CPU 
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system data bus to the EDC unit, as shown in Figure 4b. On 
the other hand, if the IDT49C460 is used, then a set of 
transceivers and a set of buffers are needed to hook up both 
system data bus and memory data bus with the single data 
bus of the IDT49C460. 

In particular, the multi-bus architecture and the independent 
error generation and detection/correction paths of the 
I DT 49C465 provide significant performance improvement in a 
64-bit system using two cascaded EDC units. Figure 9 shows 
the internal data paths of cascaded I DT 49C465s and cascaded 
I DT 49C460s during a read (error detect/correct) operation. In 
the IDT49C465 case, the entire error detect/correct path can 
be divided into two steps. In the first step, the lower 32-bit unit 
generates the partial check bits from the lower 32-bit data, and 
then compares the partial check bits with the original check 
bits to generate the partial syndrome bits. At the same time, 
the upper 32-bit unit generates the partial check bits from the 
upper 32-bit data. Then, the partial syndrome bits from the 
lower unit and the partial check bits from the upper unit are 
exchanged between the two units. In the second step, both 
lower and upper units generate the final syndrome bits 
independently and then correct errors in the lower 32-bit data 
and the upper 32-bit data, respectively, in parallel. Therefore, 
the total delay time is the sum of MD-to-SYO plus CBl-to-SD. 
On the other hand, in the IDT49C460 case, the entire error 
detect/correct path can be divided into three steps. In the first 
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step, like in the I DT 49C465 case, the lower 32-bit unit generates 
the partial check bits from the lower 32-bit data, and then 
compares the partial check bits with the original check bits to 
generate the partial syndrome bits. At the same time, the 
upper 32-bit unit generates the partial check bits from the 
upper 32-bit data. However, in contrast to the IDT49C465 
case, only the partial syndrome bits from the lower unit are 
sent to the upper unit. In the second step, the upper unit 
compares the partial check bits from the upper 32-bit data with 
the partial syndrome bits from the lower unit to generate the 
final syndrome bits. Then, the final syndrome bits are sent 
back to the lower unit. Finally, in the third step, the lower unit 
and the upper unit correct the errors in the lower 32-bit data 
and the upper 32-bit data, respectively. Consequently, the 
total delay time is the sumof DATA-to-SC plus BC-to-SC plus 
CB-to-DATA, which is much longer than the delay in the 
IDT49C465 case. Moreover, since the IDT49C460 has only 
one check bit input bus, an external octal tri-state buffer is 
needed to multiplex the original check bits and the partial 
check bits. 

Based on the above discussion, Table 3 summarizes the 
performance comparison between the IDT49C465 and the 
IDT49C460D, the fastest version of the IDT49C460. It can be 
seen that in most situations, the IDT49C465 has significant 
speed advantage over the IDT49C460. 
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IIHIIlmII Path For Detect 
and Correct Only 

c::J Path For Generate, 
Detect and Correct 

(a) Simplified Block Diagram of IDT49C465 EDC Unit 

II!mImU Path For Detect 
and Correct Only 

c::J Path For Generate, 
Detect and Correct 

(b) Simplified Block Diagram of IDT49C460 EDC Unit 

APPLICATION NOTE AN-64 

( Features Of IDT49C465 ) 

-Dual Data Bus Architecture 

-Dual CheckBit(CB) Generators 

-Independent CB Generate Path 

-Independent Error 
Detect/Correct Path 

-Dedicated Syndrome Output 

-Dedicated CB Output 

-Output Pipeline Latch 

-Parity Check/Generate 

-1 Off-chip Feedback for 
64-bit Error Correct 

-144-pin PGA 

( Features Of IDT49C460 ) 

-Single Data Bus Architecture 

-Single Checkbit Generator 

-Shared Syndrome and CB Output 

-2 off-chip Feedback for 
64-bit Error Correct 

-68-pin PGA 

Figure 8. Internal Architecture Differences Between IDT49C465 and 1DT49C460 
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MD32-63 

CBIO-7 ---+----..;........., 

MDO-31 

Generate 
Final 

Syndrome 

(a) 64-blt Error Detect/Correct Path of Cascading IDT49C465 

DATA32-63 

DATA32-63 - ..... ------___________ .. 

Check 
Bits 

DATAO-31 

Generate 
Partial Syndrome 

DATAO-31 

(b) 64-bit Error DetectlCorrect Path of Cascading IDT49C460 
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SD32-63 

Upper 32·Bit 
CODE ID = 11 

Lower 32·Bit 
CODE ID = 10 

SDO-31 

Upper 32·Bit 
CODE ID = 11 

Lower 32·Bit 
CODE ID = 10 

Figure 9. Comparison of 64·bit Error DeteclfCorrect Path Between IDT49C465 and IDT49C460 
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CONCLUSIONS 
Whether designing a correct always (flow-thru) EDC or 

bus-watch EDC memory systems, IDT offers a high 
performance solution for keeping memories error free. The 
key system benefit for using EDC is the continuous system 
operation, even with hard or soft errors occur. The key benefit 
for using a flow-thru EDC is the reduced memory design time 
when performing the correct always function, and improved 
performance for 64-bit memory systems. 
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t;)® USING THE IDT73200 MULTILEVEL APPLICATION 

PIPELINE REGISTERS AS READ AND NOTE 

WRITE BUFFERS WITH R30QO/1 AN-GSA 
Integrated Device Technology, Inc. 

By Danh le Ngoc, Ignacio Osorio and Avigdor Willenz 

INTRODUCTION 
The objective of this application note is to describe the use 

of the lOT 73200 multilevel pipeline register as thewrite buffer 
and read bufferforthe R3000/1 RiSe processor.Thefoliowing 
topics are discussed: 

• Read-Write buffers, explains what read and write buffers 
are, and how they function in a R3000/1 system. 

• Implementing R~W Buffers, describes how to implement 
the IDT73200 as read and write buffers. Buffer depths are 
also discussed in this section. 

• The IDT73200 Multilevel Pipeline Register, presents a 
brief description of general characteristics and configura 
tions of the multilevel pipeline register. . 

ep-I-+~a 

• A Typical System, provides an example of read-write 
buffers using the IOT73200, within a RiSe system. It also 
presents the control logic and PAL equations to operate the 
IOT73200 as read and write buffers. 
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Figure 1. Block Diagram of the 1OT73200 
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13 12 11 10 MNEMONIC FUNCTION PIPELINE 
LEVEL 

0 0 0 0 LOA 
0 0 0 1 LOB 
0 0 1 0 LOC 
0 0 1 1 LOO 
0 1 0 0 LOE 
0 1 0 1 LOF 
0 1 1 0 LOG 
0 1 1 1 LOH 
1 0 0 0 LSHAH 
1 0 0 1 LSHAO 
1 0 1 0 LSHEH 
1 0 1 1 LSHAB 
1 1 0 0 LSHCO 
1 1 0 1 LSHEF 
1 1 1 0 LSHGH 
1 1 1 1 HOLD 

THE lOT 73200 MULTILEVEL PIPELINE 
REGISTER 

00-15->A 1 
00-15->B 1 
00-15->C 1 
00-15->0 1 
00-15->E 1 
00-15->F 1 
00-15->G 1 
00-15->H 1 
00-15->A->B->C->0->E->F->G->H a 
00-15->A->B->C->0 4 
00-15->E->F->G->H 4 
00-15->A->B 2 
00-15->C->0 2 
00-15->E->F 2 
00-15->G->H 2 
HOLD ALL REGISTERS 

2647 drw 17 02 

Figure 2. Load Control 

The lOT 73200 is a high-speed, low-power Programmable 
Multilevel Pipeline Register. It has a dedicated 16-bit input 
port and a dedicated 16-bit output port. 

processor supports a write-through cache policy, all data 
written into the data cache must also be written into the main 
memory to maintain the cache coherency. Due to the 
data-rate mismatch between the high-speed processor bus 
(33MHz -> 240M bytes/sec) and slow speed main memory 
(10-15MHz ->10-40 Mbytes/sec), a write buffer and a read­
buffer are required. The write buffer is an elastic buffer which 
is used to capture addresses and data at the cache speed. At 
the other side of the write buffer, data is transfered into the 
main memory at the system memory speed. 

As shown in figure 1, the IOT73200 contains eight 16-bit. 
registers which can be configured as one a-level, two 4-level, 
four 2-level, or eight 1-level pipeline registers. Data at the input 
port 00-15 can be written into any of the eight registers under 
control of the load control: 10-3. Figure 2 illustrates the load 
control for the input port . 

An eight-to-one output multiplexer allows data to be read 
on the V-bus from any of the eight registers using the output­
selection control: SO-2. Figure 3 illustrates the output control. 

READ-WRITE BUFFERS 
As shown in the Figure 4 , a high-speed computer system 

consists of a R3000/1 chip set, high-speed cache, write buffer, 
read buffer, I/O devices, and main memory. Since the main 

SEL2 SEL1 SELO 

0 0 0 

0 0 1 
0 1 0 

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

1 1 1 

When a load operation causes a cache miss, a main 
memory read is initiated. Two types of main memory read are 
supported on the R3000/1: single word transfer and multiple 
word transfer. In either case, a read-buffer is used to capture 
data from the system memory at memory speed. Then data is 
written into the cache at the cache speed. The depth of the 
write buffer and the read-buffer are dependent on different 7 ' 
factors such as processor speed, system memory speed, bus 
protocol and the application. 

Y OUTPUT 

AREG 
B REG 
CREG 
DREG 
E REG 
FREG 
GREG 

H REG 
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Figure 3. Output Selection 
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PROCESSOR 

IDT79R3000 IDT79R3010 

DATA ADDRESS 

APPLICATION NOTE AN-65 

HIGHEST BANDWIDTH 
(NATIVE RATE OF CPU) 

25MHZ ~200 MBYTES/Sec 

33MHZ ~240 MBYTES/Sec 

--------~ 

t 
CACHE , 

25MHZ ~100 MBYTES/Sec each 

33MHZ ~120 MBYTES/Sec each 

INSTRUCTION ~ I-- DATA CACHE ... It-CACHE 

- ---------~ 
I 
'f . 

WRITE 
. 

IWRITE BUFFER & READ BUFFER --- READ ---BUFFER - -
" + " ( HIGH-SPEED SYSTEM BUS > 1 0-15 MHz ...... 10-40 Mbytes/Sec 

1 1 1 
BiFIFO ~ I 

DISK I 
CONTROL 

MAIN MEMORY l 
SCSI I 

CONTROL cb t LOWESTBA NDWIDTH 
SCSI BUS ( SYSTEM MEMORY & 1/0 DEVICES) 

2647 drw 19 

Figure 4. Simplified Block Diagram of a High-Speed RISC System 

IMPLEMENTING R-W BUFFERS 
As previously described in section 1, the IDT 73200 is like 

a high-speed synchronous memory with a depth that is 
programmable from 1 to 8 deep. Therefore, a write buffer and 
read buffer for the high performance R3000/1 system can be 
easily implemented with the help of the IDT 73200. 

Figure 5 illustrates adetailed R3000/1 system which consists 
of the R3000/1 chip set, write buffer, read buffer, IDT49C465 
Flow-thruEDCTM, system main memory, and several state 
machines to control the main memory interface. In this scheme, 
the data bits together with the parity bits flow from the main 
memory through the EDC device for error detection and 
correction. When an error is detected, the EDC informs the 
read buffer control through an error feedback path. 

In figure 5 the write buffer consists of two paths: address 
and data. The address path (34-bit) is created with three IDT 
73200s to capture the address, tag, and the access type bits. 
The data path of the write buffer (32-bit), is formed by two 
IDT73200. Data coming from the CPU is buffered into the 
"data path" write buffer prior to being written into the main 
memory. 

The read buffer in figure 5 consists only of a "data path" 
(36-bits) which includes the required data parity on the 
R3000/1 system. The IDT 49C465 high speed Flow-thruEDC 
can be used to maintain the data integrity of the system main 
memory. Also, parity bits are generated with the help of the 
IDT49C465 Flow-thruEDC. 
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BUFFER DEPTH 
As discussed earlier, the lOT 73200 can be configured for 

different depths: eight 1-level, four 2-level, two 4-level or one 
8-level deep registers. This feature makes the 73200 particu­
larly flexible in Read/Write buffer applications. 

The depth of the write buffer is programmable using the 
load-control and the output selection. A single lOT 73200 can 
be programmed to a buffer depth of 1 to 8. A deeper write 
buffer can be implemented by cascading several devices in 
depth as shown in the figure 6. The right depth depends on the 
application program and/or hardware requirements. 
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WRITE 
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32 

1 , 
.... 015-0 
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AS 
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Figure 6. 16-Deep and 32-Wide Write Buffer Using 1OT73200s 

With the help of the write buffer, the CPU can write to the 
memory without regard to the memory speed. However, if 
consecutive (or back to back) write operations take place, the 
write buffer would eventually become full and cause the CPU 
to stall. Naturally, this could present a problem in high perform­
ance systems. A logical solution to CPU stalls is to increase 
the depth of the write buffer. 

APPLICATION NOTE AN-65 

Typical write buffer depths are two and four levels. How­
ever, high end applications with intensive memory access 
may require deeper write buffers, i.e., eight or sixteen levels 
as shown in figure 6. 

Read buffer depth design issues are somewhat different 
from those of the write buffers. For example, when an I-cache 
miss occurs we are faced with the question of "how many 
blocks to refill in the I-cache? " To answer this question, we 
should recall that the miss rate is determined by the cache size 
and the block size. Therefore, the block size determines the 
size of the read buffer. Thus to bring 16 words from memory 
into the I-cache would require a 16 level deep read buffer. 

Fetching small blocks of instructions using a shallow read 
buffer implies constantly fetching instructions and therefore 
stalling the CPU for several cycles. Depending on the applica­
tion, this could impose significant penalty on system perform­
ance. Due to program locality (sequentiality of instructions), 
we would benefit most by fetching a large block. Deep read 
buffers for I-cache are therefore an appealing solution. Typi­
cal read buffer depths are 4levels; high end applications could 
consider from 8 to 16 levels read buffers. 

O-cache fetching, on the other hand, is random in nature 
and typical schemes prefer a 1-level deep read buffer. 

The flexibility of the 73200 allows instantaneous 
re-configuration when fetching for the I-cache and then for the 
D-cache. For example, We could have an R3000/1 initialized 
for 16 words I-cache fetching and 1 word D-cache fetching and 
still use the same read buffer. This can be accomplished 
through a read buffer controller capable of configuring the 
73200 to different depths. 

Lets now discuss two popular read buffer configurations. 

a) 1-level deep Read Buffer & 
b) 8-level deep Read Buffer 

1-LEVEL DEEP READ BUFFER 
One-level deep read buffers can be used in high 

performance systems where the data transfer between the 
main memory and the CPU is efficiently handled. This can be 
accomplished through a sophisticated memory scheme, like 
interleaving, and supported by a fast DRAM architecture. 
Such a scheme minimizes the transfer rate mismatch 
between the CPU and the main memory. One-level deep read 
buffers can also be applied in low performance systems where 
the penalty in fetching one word at a time is not significant. 

a-LEVEL DEEP READ BUFFER 
This configuration can be used in a general purpose 

system. An 8-level deep write buffer offers the benefit of 
effective data rate capture from the R3000/1 to the main 
memory. The 8-level Read Buffer is convenient for slow main 
memory systems. 
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Figure 7. R3000/1 System with the Read-Write Buffers 

A TYPICAL SYSTEM 
Figure 7 shows the interconnections among the R3000/1 , 

Instruction and Data Cache, Read/Write Buffers, control state 
machine, and the system memory. The read and write buffe rs 
are built from multilevel pipeline registers denoted by the lOT 
73200. The control state machine represents the logic needed 
to drive the read and write buffers. 

WRITE BUFFER INTERFACE 
A write buffer, as discussed earlier, transfers data from 

cache to main memory and provides address bits to select 
memory locations. This is illustrated in Figure 8: one write 
buffer is dedicated to pass address bits and the other transfers 
data to the main memory. Therefore, the write buffer labeled 
"address" is activated in both memory reading and memory 
writing operations. 

As seen in Figure 8, the address path carries address, 
tag and Acc type bits. Notice that the write buffer labeled 
"Address", is formed by two lOT 73200. The first 73200 
captures Address low 0-13 and AccTyp 0,1. The second 
73200 captures Adr High 14-29 and Tag 0,1. 

The Data path, as shown in figure 8, carries data and parity 
bits. The data write buffer uses two lOT 73200. They latch 32 
data bits from the cache and transfer them to a memory 
location selected by a memory controller. Notice that parity 
bits can be generated using the IOT49C465 when data is 
flowing from the write buffer to the system memory. 

A situation of interest in deep write buffers is the following: 
The CPU requests reading data from a memory location that 
is about to be updated by the write buffer. The potential 
problem is clear: reading data that hasn't been updated yet. 
To avoid this problem, write buffer systems use conflict 
checking schemes. 

A common "conflict checking scheme" is implemented by 
comparing addresses of memory locations to be read and 
written by the readlwrite buffers. When an address match is 
found, a match signal is send to the CPU. This solution may I 
involve using more hardware to implement such scheme. 
Another approach is ''flushing''. To simplify the design, the 
write buffer is ''flushed'', i.e., all pending writings are placed in 
the main memory before any read buffer operation takes 
place. Such is the case in figure 8 where no additional 
hardware was needed. 

Figure 8 shows the associated control circuitry to drive the 
write buffer. Notice that write buffer "data" and AdrHi (14-31) 
are clocked at the SYSOUTsignal, whereas AccTyp (0:1) and 
adr-Lo(0:13) are clocked at SYSOUT. 

WRITE BUFFER CONTROLLER 
The write buffer controller is internally driven by two count­

ers: The I-counter selects the load operation for the input to 
the 73200. The SEL-counter selects the register to be read in 
the 73200 output. The write buffer controller also takes care of 
the ''flushing'' scheme. 
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Figure 8. Write Buffer Interface 

The PAL equations for the write buffer controller are: 

MODULE WB_CONT; 

TITLE WB_CONT: 
TYPE MMI 16R4: 
Inputs: 

Outputs: 

IC3 
SELC3 
WBEMPTY 
WRACQ 
MEMRD 
WBFULL 
MEMWR 
RESET 

LRD 
LWR 

LRD 
LWR 
X 
WBCEN 
ICE 
SELCE 

Node[pin2]: 
Node[pin3]: 
Node[pin4]: 
Node[pin4]: 
Node[pin5]: 
Node[pin6]: 
Node[pin7]: 
Node[pin9]: 

Node[pin1S]: 
Node[pin14]: 

Node[pin1S]: 
Node[pin14]: 
Node[pin19]: 

Node[pin 12]: 
Node[pin13]: 
Node[pin18]: 

Table: 

END: 

XNOT= 
LWRNOT:= 

LRD NOT:= 

ICE3 XOR SELC3: 
LRD AND WBEMPTY AND WRACQ 
AND RESETOR LRD AND! MEMWR 
AND WRACQ AND! WB EM PTY AND 
RESET: 

(!WBEMPTY AND !MEMRD AND 
LWRAND RESEl) OR (!LRD AND 
!MEMRD AND RESEl): 

WBCEN NOT = WBFULL; 

ICE NOT = (!MEMWRANDWBFOiI) 
OR(!MEMRD AND !WBEMPTY): 

SELCE NOT = (!LWR AND !WRACQ) OR 
(!LRD AND MEMRD): 

END WB_CONT. 
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The PAL equations for the I-counter are: 

MODULE I-COUNTER; 
TITLE ,-COUNTER; 
TYPE MMI 16R4; 

Inputs; 

Outputs; 

Table; 

End; 

X 
IC 
ICE 
R3KRST 
IC3 
IC2 
IC1 
ICO 

IC3 
IC2 
IC1 
ICO 
WBFiJIT 
WB EM PTY 

ICO NOT:= 

Node[pin2]; 
Node[pin3]; 
Node[pin4]; 
Node[pin5]; 
Node[pin17]; 
Node[pin16]; 
Node[pin15]; 
Node[pin14]; 

Node[pin 17]; 
Node[pin16]; 
Node[pin 15]; 
Node[pin14]; 
Node[pin19]; 
Node[pin12]; 

( ICO AND !ICE ) OR (!ICO 
AND ICE) OR !R3KRST; 

IC1 NOT:= (!ICO AND !IC1 AND !IC1AND 
!ICE) OR (ICO AND IC1 AND 
!ICE) OR (!IC1 AND ICE) OR 
!R3KRST; 

IC2 NOT:= (!ICO AND !IC1 ABD !IC2 
ABD !ICE) OR (ICO AND IC1 
AND IC2 AND !ICE) OR 
(!ICO AND IC1 AND !IC2 AND 
!ICE) OR (ICO AND !IC1 
AND !IC2 AND !ICE) OR 
(!IC2 AND ICE) OR 
!R3KRST; 

IC3 NOT:= (!IC2 AND !IC3 AND !ICE) 
OR (!IC1 AND IC2 AND !IC3 
AND liCE) OR (lICO AND 
IC1 AND IC2 AND lIC3 AND 
liCE) OR (ICO AND IC1 AND 
IC2 AND IC3 AND !ICE) OR 
(lIC3 AND ICE) OR 
!R3KRST; 

WBFULL NOT = lIC AND IX; 
WEMPTY NOT = !IC AND X; 

End I_Counter; 

The PAL equations for the SEL-counter are: 

MODULE SEL_COUNTER; 
TITLE SEL_COUNTER; 
TYPEMMI16R4; 
Inputs; 

SELCE 
ICO 
IC1 
IC2 
R3KRST 

Node[pin2]; 
Node[pin3]; 
Node[pin4]; 
Node[pin5]; 
Node[pin6]; 

SELC3 
SELC2 
SELC1 
SELCO 

SO 
S1 
S2 

Outputs; 

Table; 

SO 
S1 
SELC3 
SELC2 
SELC1 
CO 
S2 
C 

SELCO NOT:= 

SELC1 NOT:= 

SELC2 NOT:= 

SELC3 NOT:= 

SO NOT = 
S1NOT= 
S2 NOT = 

C NOT = SO AND S1 AND S2; 
End; 
End SEL_Counter; 
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Node[pin 17]; 
Node[pin16]; 
Node[pin 15]; 
Node[pin14]; 

Node[pin18]; 
Node[pin13]; 
Node[pin19]; 

Node[pin18]; 
Node[pin13]; 
Node[pin 17]; 
Node[pin16]; 
Node[pin15]; 
Node[pin14]; 
Node[pin19]; 
Node[pin 12]; 

(SELCO AND !SELCE) OR 
(!SELCO AND SELCE) OR 
!R3KRST; 

(!SELCO AND !SELC1 AND 
!SELCE) OR (SELCO AND 
SELC1 AND !SELCE) OR 
!R3KRST; 

(!SELCO AND !SELC1 AND 
!SELC2 AND !SELCE) OR 
(SELCO AND SELC1 AND 
SELC2 AND !SELCE) OR 
(!SELCO AND SELC1 AND 
!SELC2 AND !SELCE) OR 
(SELCO AND !SELC1 AND 
!SELC2 AND !SELCE) OR 
(!SELC2 AND SELCE) OR 
!R3KRST; 

(!SELC2 AND !SELC3 AND 
!SELCE) OR (!SELC1 AND 
SELC2 AND !SELC3 AND 
!SELCE) OR (!SELCO AND 
SELC1 AND SELC2 AND 
!SELC3 AND !SELCE) OR 
(SELCO AND SELC1 AND 
SELC2 AND SELC3 AND 
!SELCE) OR (!SELC3 AND 
SELCE) OR !R3KRST; 

(ICO XOR SELCO); 
(IC1 XOR SELC1); 
(IC2 XOR SELC2); 
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Figure 9. Read Buffer Interface 

READ BUFFER INTERFACE 
When reading from the main memory to the cache, the 

R3000/1 sends a memory read signal to the control state 
machine, represented in Figure 9 as the Read Buffer Control 
Logic. Once the signal has been acknowledged, the R3000/1 
places the address, tag, and data size in the write buffers. 
Internally, the 73200 registers capture this information at 
R3000/1 clock rate with load and output configurations deter­
mined by the read buffer controller. Once the address is 
available in the address bus, the controller will then drive 
memory signals to initiate the memory transfer at memory 
clock rate into the read buffer. 

READ BUFFER CONTROLLER 
The read buffer controller monitors the flow of data within 

the Read Buffer by programming the 73200 internal registers 
to the appropriate load mode and memory clock frequency_ 
Finally, the controller selects the output registers at such 
speed to match the R3000/1 frequency. 

The PAL equations for the read buffer controller are: 

MODULE WIRB_CONT; 
TITLE W/RB_CONT; 
TYPE MMI 16R8; 
Inputs; 

WRACO 
MEMRD 
MEMWR 
RESET 
LRD 
LWR 
WB CLK_DIS 
CMEMRD 
CCMEMRD 
WRBUSY 

Node[pin5]; 
Node[pin6]; 
Node[pinB]; 
Node[pin9]; 
Node[pin15]; 
Node[pin14]; 
Node[pin19]; 
Node[pin 13]; 
Node[pin 1B]; 
Node[pin16]; 

Outputs; 

Table; 

End; 

LRD 
LWR 
WB_CLK_DiS 
WB_DATA_OE 
CMEMRD 
CCMEMRD 
WRBUSY 

LWR NOT:= 

LRD NOT:= 

WRBUSY NOT:= 

CMEMRD NOT := 

CCMEMRD NOT:= 

End W/RB_CONT; 

CONCLUSION 

Node[pin 15]; 
Node[pin14]; 
Node[pin19]; 
Node[pin 12]; 
Node[pin13]; 
Node[pin1B]; 
Node[pin16]; 

LRD AND lMEMWR AND 
RESET OR lLWR AND 
WRACO; 
LWRAND lMEMRD; 

lMEMWROR 
lWRBUSY AND WRACO 
OR lMEMRD; 

lMEMWR OR lWB_CLK_DIS 
AND WRACQ OR lMEMRD 
AND CCMEMRD; 

LRD AND lMEMWR OR 
{need to be inverted} 
lLWRANDWRACO; 

lMEMRD; 

CMEMRD; 

As the speed of the processor increases, write and read 
buffers must also become faster and deeper. The high-speed 
multi-level pipeline register lOT 73200 meets that challenge 
by providing a fast and flexible data path to suit various high­
speed RISC and CISC processors_ 
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INTRODUCTION 
In this application note, the design of one deep read and 

one deep write buffer to be used in an R3000 system is 
described with boolean equations and timing diagrams. The 
boolean equations are for the control signals of the read and 
write buffers and the main memory interface. This control 
logic can be implemented with any PLD. The syntax chosen 
to describe these equations is simple and it is not associated 
with any PLD programming software. The timing diagrams 
explain the various states during the operation of one deep 
read and write buffers. Also described in this application note 
are the other possible configurations of implementing read 
and write buffers with IDT7321 as. These components can be 
used as two deep read and one deep write, and one deep read 
and two deep write buffers. Beforetheapplication is presented, 
the features of 73210 are described and a summary of the 
memory interface Signals of R3000 is given. 

R3000 based systems require readlwrite buffers between 
the CPU and the main memory due to memory bandwidth 
mismatch. The main memory system supplies the instructions/ 
data through a read buffer. The CPU makes the data updates 
to the main memory through a write buffer. The speed 
differences between the CPU, the caches and the main 
memory that typically exist in many systems demand the use 
of at least one level deep read and write buffers. The use of 
these buffers isolates the caches from the rest of the memory 
system. They also limit the physical length of the address and 
data lines and serve as drivers to the rest of the system. 

The gain in performance by increasing the depth of the read 
and the write buffers is completely dependent on the application 
program being executed. By modeling memory subsystems 
with different depths of read/write buffers (using the System 
Programmer's Package tools for the R3000) and running the 
application program on the model, the designer can make the 
trade-off between the cost and the depth of the buffers. For 
high performance systems with sophisticated main memory 
schemes like interleaving, and for systems with fast DRAM 
architectures like Page Mode, or Static Column Mode, a one 
deep read buffer might satisfy the transfer rate of the processor. 

For low performance systems, where the penalty of fetching 
one word at a time is not Significant, and for applications with 
infrequent successive writes, a one deep write buffer might 
also deliver optimal performance. 

In systems where one-level deep read and write buffers 
proved to be sufficient, a bidirectional register can be utilized 
to serve as both read and write buffers. The 8-bit bidirectional 
register, IDT7321 a, with parity checking and parity generation 
is an ideal candidate for this purpose. This bidirectional 
register also allows the designerto build a two-level deep read 
buffer and one level deep write buffer, or one-level read buffer 
and two-level write buffer configurations. Using IDT73210 
reduces the parts that are needed for parity generation. Also, 
by clocking in the lower address bits and the higher address 
bits with separate clocks, the designer can eliminate latching 
the address low bits. 

IDT73210 FEATURES 
Figure 1 shows the features of IDT7321 Owith all the control 

signals and data paths. It is a bidirectional buffer with separate 
output enables and clock enables. Data is registered with the 
same clock in both directions. There is a single data path from 
port A to port B. The 8-bit data and the parity bit are clocked 
through register X. The POLARITY signal is used to select 
even or odd parity generation. Even parity checking is done 
on the data, and a parity error is indicated by PERRA. The 8-
bit data and the parity bit are enabled through a tri-stateable 
buffer to port B. 

There are two data paths from port S to port A. A multiplexer 
controlled by SEL selects a path. Even parity checking is done 
in both the paths and parity error is indicated by PERRS. The 
first path is through latch Wand register Z. In this path bit W8 7 
is complemented by POLARITY to yield either even or odd 
parity.The second path is through registers Y & Z and even 
parity is generated on the data. The two registers in the 
second data path provide the user with two- level deep 
buffering. The 9-bit output is enabled through a tri-stateable 
buffer to port A. 

©t990 Integrated Device Technology. Inc. 7.12 690 
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Figure 2. Memory Interface Signals 

IDT79R3000 MEMORY INTERFACE 
The R3000 has interfaces to the main memory through the 

asynchronous memory bus. The output signals indicate the 
n~ture of operation that the R3000 is performing. The input 
slg.nals are used to indicate the termination of a stall, block 
refills, and to cause exception processing. 

The figure above shows the signals used to interface to 
main memory. The address bus is split into AdrHi and AdrLo. 
The AdrHi bus is also used as the Tag bus for cache reads and 
therefore is shown as bidirectional. 

MemRd: This signal indicates the entry into the stall on 
a read operation. It is an active-low output signal. This 
output signal of the R3000 is used by the state machines 
to enter a read state and signal the memory system that 
the R3000 accepts data from the supplied 32-bit address. 
For one word refill, MemRd is deasserted by the R3000 
one cycle after the RdBusy signal is deasserted indicating 
that the required data is ready. The deassertion of 
MemRd signals the end of a read stall. MemRd stays 
asserted during the entire stall cycles. 

RdBusy: This input signal to the R3000 is used to enter 
and terminate read stall cycles. The deassertion of 
RdBusy terminates stall cycles and the R3000 enters a 
fixup one cycle later during single word loads or it enters 
refill c~cles in case of multiple word loads. RdBusy 
assertion and deassertion is sampled by the R3000 in 
phase 1 of the clock cycle. 

XEn: This active-low, output signal is used to enable the 
output of the read buffer in refill and fixup cycles. 

MemWr: This output signal is asserted low for store 
operations. Unlike MemRd, this signal is active for only 
one cycle as are the associated data and addresses. 
MemWr is used to enter a write state. 

7.12 

WrBusy: In order to create a write stall, this input signal 
to the R3000 has to be asserted low during the cycle in 
which MemWr is asserted. The deassertion of WrBusy 
terminates a write stall and the R3000 enters the fixup 
cycle. In the fixup cycle, the last write operation during 
which WrBusy was asserted is repeated. WrBusy is 
usually tied to the signal that indicates the write buffer is 
full. WrBusy assertion is sampled by the processor in 
phase 2 and the deassertion is sampled in phase 1 of the 
clock cycle. . 

SysOut: This is the clock output of the 79R3000 and is 
the clock frequency at which the R3000 is rated. 

CpCondO: The condition of this input signal to the 
R3000 in stall cycles determines if the processor will do 
a single word read or a multiple word read. 

BusErr: This input signal is provided as a mechanism 
to create an exception in the R3000 and as an aid to 
escape from interminable stall cycles. 

AccTypO: This output signal has three functions. During . 
cached reads it indicates whether there was a data I 
cache miss or an instruction cache miss. This information 
is useful if the block refill size is different for data and 
instructions. During uncached reads it is used with 
AccTyp1 to indicate the size of the data being read. 
During writes it is used along with the AccTyp1 to 
indicate the size of the data being written. 

AccTyp1: This output signal is undefined for cached 
reads. For uncached read operations and for store 
operations, AccTyp1 along with AccTypO, indicates the 
size of data transfer. 

AccTyp2: AccTyp2 is undefined for store operations 
with stall cycles. For load operations, it is high for cached 
operations and low for uncached operations. During run 
cycles, this line indicates whether there is any data 
transfer during the second phase. 
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USING IDT73210s 
Figure 3 shows the application of the 7321 Os as one-deep 

read and one-deep write buffer. Four 73210s are used to 
transfer the 32-bit data and the associated four parity bits. On 
the address bus, four 73210s are used to pass the 32-bit 
physical address and the access type bits(0:1) to the main 
memory. Port B of the 7321 Os are connected to the processor 
side, and Port A of the 7321 Os are connected to the memory 
side. 

The read and the write data paths are explained in Figures 
4 and 5. In this design, one single set of four IDT7321 Os serve 
the function of read and write buffers. Also, a set of four 
IDT7321 Os are used to capture the addresses during read and 

IOT79R3000 
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RdBusy 
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r-- XEn AccTyp t-
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write operations. The timing diagrams point out the control 
signals that resolve any conflicts in the use of these buffers. 

The control logic, described in the following sections, can 
be implemented with any PLD that matches the processor 
speed. To interface with the main memory, signals are 
defined to make a request to the main memory (MREQ), to 
specify a read or a write operation to the main memory (MRD, 
MWR), and a signal from the main memory to indicate the 
completion of read or write operation (CYCEND). 

The memory interface signals from the R3000 are used by 
the PAL state machine inorder. to generate controls to the 
buffers and the main memory. The RdBusy, WrBusy, MREQ, 
MRD, MWR, and the clock and data output enables for the 
73210s are generated by the state machine. 
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Figure 3. Using 1OT73210 as Read and Write Buffer 
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Read Operations 
The data path for the read operations is through register X. 

The address and the access type bits go through the latch W 
and the register Z. The lower address bits are clocked in with 
SysOut. The tag bits, along with the access type bits, are 
registered with inverted SysOut (SysClk). The latch W is 

APPLICATION NOTE AN·65 

always transparent to bypass the address bits and access 
type bits. The POLARITY signal is held low to pass the access 
type bits as parity bits through the two 73210 on the tag bus. 
The low POLARITY signal to the four 7321 Os on the data bus 
generates even parity on the data passing through register X. 
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Figure 4. Read Data Path. One Deep Read, One Deep Write Buffers Using IDT73210 
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Write Operations 
The data path for write operations is through latch Wand 

register Z. Data is clocked in the 7321 Os on the data bus with 
SysClk along with the tag bits. The lower address bits are 
clocked in with SysOut. Once the address and data are 

APPLICATION NOTE AN-65 

available in the Z registers, the PAL state machine generates 
the output enable signals and presents the address and the 
data to the memory. The even parity that is generated by the 
CPU passes through the parity unit without getting modified. 
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Figure 5. Write Data Path. One Deep Read, One Deep Write Buffers Using IDn321 0 

CONTROL LOGIC 
The control logic for the signals that control the address 

7321 Os, the data 7321 Os, and handshake signals to the main 
memory system is described with simple boolean equations. 
The 73210s are used to capture the data and addresses 
during read and write operations and to provide the system 
with one-level deep read and write data paths. Byte enable 
signals for partial word writes can be generated by extending 
these equations. In this design, block refills are supported and 
instruction streaming is assumed to be enabled. 

The control signals that are utilized by the PAL state 
machine to control the readlwrite buffers, and communicate 

with the main memory controller are WIP, WrBusy, RdBusy, 
MRD, MWR, MREQandCYCEND. The clock inputtothe PAL 
is inverted SysOut. In the following boolean equations the 
following notation is adopted: 

Logical NOT operation. 
Indicates the corresponding signal is active low. 

OR Logical OR operation. 
AND Logical AND operation. 

To end a boolean equation. 
Registered output. 
Combinatorial output. 
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Main Memory Controls 

{ RdBusy usually stays asserted even when there is no read 
{ operation going on. It is deasserted when the memory system 
{ acknowledges ( asserting CycEnd) that the read is finished. It 
{ remains deasserted till MemRd gets deasserted. 
{ It is assumed here that the memory system asserts CYCEND in 
{ phase 1. RdBusy gets deasserted in phase 2, and the CPU puts 
( out XEn(s) from the next clock cycle. 
{ RdBusy is not deasserted with CYCEND associated with a prior 
{ write operation. 
{ RdBusy is a registered output. 

RdBusy:= !( !WIP AND MemRd AND CYCEND) OR 
!( !RdBusy AND MemRd); 

{A single pulse request is sent out to the main memory system to 
{ indicate that a read or write operation is coming along. It is 
{ asserted only when a read or write operation is feasible through 
{the one deep read and write buffers. 
{ This is a registered output. 

MREO:= (!WIP AND !MemRd AND MemWr AND !MREO) OR 
( !WIP AND MemRd AND !MREO); 

{ A read strobe is given out to the main memory system to 
{ indicate a read operation. This signal is asserted while there is 
{ no write in progress and MemRd is asserted. 
{ To support block refills MRD stays asserted with MemRd. 
{ This is a registered output. 

MRD:= (!MRD AND !WIP AND MemRd) OR 
( MRD AND MemRd); 

The control signal CYCEND is asserted by the main memory controller 
to indicate the finish of a write operation or the availability of the first word 
of the block refill in the read buffer. 

It is assumed that CYCEND is asserted in phase 1, so that RdBusy can 
also be deasserted in phase 1. 

{ WIP signal is used to indicate whether the write buffer is in 
{ the process of retiring its contents to the main memory. 
{ WIPis asserted when MemWr is asserted and deasserted when 
{ an acknowledge (CYCEND) from the main memory system comes 
{ back indicating that the write is carried out. 
{ WI P is a registered output 

WIP:= (!WIP AND !Kif8r11Rd AND MemWr) OR 
( WIP AND !CYCEND); 

{ Write busy (WrBusy) is asserted when there is a write in 
{ progress or when read operation is going on. During read 
{ operations with streaming enabled, WrBusy should be 

7.12 
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{ asserted to stop any writes because there is a common data 
{ buffer for both read and writes. 

WrBusy = WIP OR MemRd; 

{ A write strobe is given out to the main memory system to 
{ indicate a write operation is in progress. 

MWR=WIP; 

Higher Address Buffer Controls 

{ Controls for 7321 Os that pass higher address bits (Tag 16:31) 
{and access type bits (AccTyp 0,1). 
{ The path through latch W & register Z is selected by the internal 
{ Mux. 

SEL = 1; 

{ Register Z is enabled for read and write operations when there 
{ is no contention between read and writes.Latch W is transparent. 
{ A read operation in progress is indicated by MemRd signal. 
{ For write operations ABEN is enabled for one clock cycle. 

DMemWr:= MemWr; 
ABEN = (MemRd AND !WIP AND !MemWr) OR 

( MemWr AND !WIP AND !MerriRd) OR 
(ABEN AND MemWr AND !DMemWr); 

{ Allows the Access Type bits to pass through "Compliment 
{ Even/Odd Parity" unit as parity bits without getting modified. 

POLARITY = 0; 

{ The higher address bits along with the access type bits are 
{ clocked into the register Z with inverted SysOut. 

CP = ! SysOut; 

{ The higher address bits along with the access type bits are put 
{ out to port A when there is a write in progress or while MemRd 
{ is asserted. 

AAOE = WIP OR MemRd; 

{ AEN always disabled for the address 73210. 

{ BOE always disabled for the address 73210. 

BOE = 1; 

Lower Address Buffer Controls 

{ Controls for 7321 Os that pass lower address bits (AddrLo 0:15) 

7.12 
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{ The path through latch W & register Z is selected by the internal 
{ Mux. 

SEL = 1; 

{ Register Z is enabled for read and write operations when there 
{ is no contention between read and writes.Latch W is transparent. 
{ A read operation in progress is indicated by MemRd signal. 
{ For write operations ABEN,is enabled for one clock cycle. 

DMemWr:= MemWr; 
ABEN = (MemRd AND !WIP AND !MemWr) OR 

( MemWr AND !WIP AND !MeITiRd) OR 
(ABEN AND MemWr AND !DMemWr); 

{ POLARITY is Don't Care. 

POLARITY = 0; 

{ The lower address bits are clocked into the register Z with 
{ SysOut signal, because they are available in the first phase. 

CP = SysOut; 

{ The lower address bits are put out to port A when there is a 
{ write in progress or while MemRd is asserted. 

AAOE = WIP OR MemRd; 

{ AEN always disabled for the address 73210. 

AEN = 1; 

{ BOE always disabled for the address 73210. 

Data Buffer Controls 

{ Controls for 7321 as that transfer data bits for reads & writes. 
{ The path through latch W & register Z is selected by the internal 
{ Mux to provide one-deep write buffer. 

SEL = 1; 

{ Register Z is enabled for write operations when there is no 
{ read operation in progress. A read operation in progress is 
{ indicated by MemRd Signal. Latch W is transparent. 

DMemWr:= MemWr; 
DBEN = (MemWr AND !WIP AND !Me"iTlRd) OR 

( DBEN AND MemWr AND !DMemWr); 

{ Even polarity generated by the CPU is passed through by setting 
{ POLARITY to ZERO. 

7.12 
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POLARITY = 0; 

APPLICATION NOTE AN·65 

{ The data bits along with the parity bits are clocked into the 
{ register Z with inverted SysOut. 

CP = ! SysOut; 

{ The data bits are put out to port A when there is a write in 
{ progress. 

DAOE = WIP; 

{ DAEN is enabled during read operations. 

DAEN = MemRd AND !WIP; 

OBOE is enabled by XEn to read the data from the read buffer. 

TIMING DIAGRAMS 
Figures 6 through 11 give the timing waveforms for the one­

deep read and one-deep write buffer described in Figure 3. 
The signals shown in these figures are described by the 
boolean equations presented earlier. Inthese timing diagrams, 
the signals that are generated by the PAL state machine are 
shown with a displacement in relation to their input signals. 
Also, some of the signals generated by the PAL state machine 
are registered with SysClk. The main memory interface 
signals generated by the PAL are MREO, MRD, CYCEND, 
and MWR. The enable signals to the address 73210s are 
ABEN, and AAOE. The enable signals to the data 7321 Os are 
DBEN,5AQE, DAEN, and DBOE. The memory acknowledge 
signal, CYCEND is asserted two cycles afterMREO is asserted, 
for both read and write operations. 

Figure 6 shows read and write operations. The memory 
read operation starts with the MemRd signal being asserted. 
A MREO pulse is sent out to the memory, and MRD signal is 
asserted forthe duration that the MemRd signal stays asserted. 
The memory system responds to the request by placing the 
data in the read buffer and asserting CYC EN D. This deasserts 
the RdBusy signal. RdBusy is sampled in phase 1 by the 
processor, and it generates XEn in the next clock cycle. Since 
the one-deep read and write buffers are implemented using 
the same buffers, during a memory read operation the WrBusy 
signal is asserted to halt any write operations. The address 
enables are asserted through out the read operation to capture 
the addresses. For read operations, DAEN is asserted with 
MemRd signal to capture the data coming from the memory. 
The port B output enable for the data buffers is controlled by 
XEn for reading in the data. The read latency is five clock 
cycles including the fixup cycle. 

For write operations in Figure 6 , the WrBusy signal is 
asserted as long as the write operation is in progress. This is 
indicated by WIP. It should be noticed that the RdBusy signal 
is asserted during wr~e operations to block any read operations. 
The address enables are asserted during the write run cycle, 

and the address output enable is asserted throughout the 
write operation. The data buffer enables are asserted in the 
same way. It should be noted that WIP is a clocked output. 
The write operation takes three cycles. 

Figure 7 shows a four word data block refill. The RdBusy 
signal, once deasserted, remains deasserted until MemRd is 
deasserted. 

Figure 8 shows four word instruction block refill with 
streaming enabled. The instruction cache miss occured on 
the instruction 11. The refill starts with the basic block 
boundary instruction 10. The processor enters fixup as the 
missed instruction is fetched. The processor streams through 
the rest of the block. 

Figure 9 shows a memory read requested by the processor 
before a previous write is retired to the main memory. The 
state machine puts out a request for the read operation only 
after the completion of the write operation, indicated by the 
first assertion of CYCEND. The enable ABEN is not enabled 
for the read untill the previous write is completed. 

Figure 10 shows two write operations in two consecutive 
clock cycles. Since the write buffer is one word deep, the 
second write is not absorbed by the write buffer, and the 
processor stalls untill the first write is retired to the main 
memory. In the following fixup cycle, the second write is 
completed to thewrite buffer. The memory request MREOfor 
the second write is only generated in the fixup cycle. The data 
and the address of the second write are not captured by the 
buffers while the first write is in progress. In should be noted 
that deassertion of WrBusy is sampled by the processor in 
phase 1. 

Figure 11 shows a write operation occuring in the middle of 
streaming. Streaming starts with instruction 11. The next 
instruction 12 issues a write. Since the write busy signal is 
already asserted, instruction streaming is aborted. The 
instruction 12 is executed in the following fixup cycle. WIP is 
asserted only in the fixup cycle. The data and the address of 
the write instruction 12 are not captured during streaming. 
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Figure 10. Write During Write in Progress 
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TWO DEEP READ AND ONE DEEP WRITE 
I DT7321 Os can also be used in two-deep read and one 

deep write configuration. For capturing the addresses and the 
access type bits, four IDT73210s are used with B ports 
connected to the processor. For transfering data, four 
IDT7321 Os are used with A ports connected to the processor. 

APPLICATION NOTE AN-65 

This configuration of the data path uses the registers Y and Z 
for read operations as two-level deep buffers. For write 
operations, the data is wrtten to the register X, thus providing 
a one-deep write buffer. The read and write data paths are 
shown in Figures 12 and 13. It should be noticed that even 
parity is generated on the data in both the directions. 

AccTyp 0,1 Tag 16:31 AdrLo 0:15 Data + Parity 

Port B Port B Port A 

Port B 

Address Data 

2647drw 12 

Figure 12. Read Data Path - Two Deep Read, One Deep Write Buffers Using 1OT73210 
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Figure 13. Write Data Path - Two Deep Read, One Deep Write Buffers Using roTI3210 
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AccTyp 0,1 Tag 16:31 AdrLo 0:15 Data + Parity 

Port B Port B Port B 

PortA Port A PortA 

Address Data 

2647drw 14 

Figure 14. Read Data Path - One Deep Read, Two Deep Write Buffers Using 1OT73210 

ONE DEEP READ AND TWO DEEP WRITE 
To use IDT7321 as in a one deep read and two deep write 

configuration, four IDT7321 as are connected to the address 
bus with B ports on the processor side. Four I DT7321 as are 
connected to the data bus with B ports on the processor side 
to transmit data. The data path for the read operations is 
shown in Figure 14. The address and the access type bits can 
be passed through the latch Wand the register Z. Data is read 
back from the memory through the register X after even parity 
is generated. 

Figure 15 shows the write data path. To utilize the 7321 as 
as two deep write buffer, the addresses and the data are 

passed through registers Y and Z. These two registers 
provide the two-level deep buffering forthe addresses and the 
data. If any write operations, such as writing to the registers 
of I/O devices, require only one-deep write buffer, then the 
path through the latch Wand the register Z is useful for both 
data and the addresses. It should be noticed that to transfer 
access type bits in two-deep write configuration, separate 
two-level deep buffering is required. Increasing the depth of 
the write buffer to two may improve the performance 
significantly if the application executes the second store 
before the first store is absorbed by the main memory. 
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Tag 16:31 AdrLo 0:15 Data + Parity 

Port B Port B Port B 

PortA 

Address Data + Parity 

2647 drw 15 

Figure 15. Write Data Path. One Deep Read, Two Deep Write Buffers Using IDT73210 

CONCLUSIONS 
IOT73210 is an ideal part for one/two-deep read/write 

buffers for R3000 applications. It is bidirectional, and speed 
compatible with the existing RiSe processors. It generates 
and checks even parity and hence reduces the parts count in 

the memory interface for R3000 based systems. Using 
I OT7321 Os on the address bus, separate latches forcapturing 
the address low bits can be eliminated. I OT7321 0 also 
provides the designer two different data paths from port B to 
port A to be selected dynamically depending on the operation. 
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(~5 HIGH-SPEED CMOS 
LOGIC APPLICATION NOTES 

Integrated Device Technology, Inc. 

ABSTRACT 
This collection of application notes is presented to provide 

information which has been proven useful to the designers 
who use of plan to use high-speed, TTL-compatible, CMOS 
logic in high-performance systems. These notes cover a 
broad range of topics; some explore specific issues applicable 
to the FCT and FCT-T logic families, while others discuss 
general topics such as Simultaneous Switching Noise, Printed 
Circuit Board layouts and series termination. 

INTRODUCTION 
With the push for high clock rates to increase system 

performance in a predominantly TTL world, the hardware 
designer is now required to deal with problems and issues 
which were largely academic only a few years ago. The 
introduction of high-speed, high-drive CMOS logic, combined 
with the increase packing density of multi-layer boards, has 
resulted in the awareness and the need to deal with problems 
such as simultaneous switching noise (a.k.a. Ground Bounce), 
transmission line effects and dynamic power dissipation. 

Integrated Device Technology, Inc. pioneered the high­
speed, high-drive, TTL-compatible CMOS logic with the 
introduction of the FCT family. This logic family is now the 
established leader in the high-performance logic area. By 
offering a variety of speed grades, functions and packages, 
the system designer now has an opportunity to optimize 
overall system performance in terms of speed, power, cost 
and board space. However, experience has shown that using 
high-speed logic is an exercise that is more complex than 
package replacement or paper design. An understanding of 
switching noise and related issues is important for a successful 
outcome. Recently, the FCT-Tfamily of TTL-compatible logic 
with "true TTL" output swing (approximately 3.3 volts typ.) has 
been added to IDT's logic product line offering functions with 
a reduced level of switching noise for those users who do not 
need the rail-to-rail output swing of the FCT family. 

This collection of application notes is intended to assist the 
hardware designer in designing with the FCT and FCT -T logic 
families. Each application note is independent and deals with 
a separate topic. Typical device characteristics and 

1!:l1990 Inlagratad Device Technology. Inc. 7.13 

performance data are provided where possible. The following 
is a brief summary of the subjects covered: 
• SIMULTANEOUS SWITCHING NOISE- The cause and 

effects of ground bounce caused by simultaneous switching 
of high-drive outputs are discussed. Effects of package 
parasitics are explained. Different solutions forthe ground 
bounce problem are given. 

• USING HIGH-SPEED LOGIC - This application note 
gives general guidelines and recommendations in terms of 
board layout. power distribution and device selection. 

• CHARACTERISTICS OF PCB TRACES - In this 
application note we discuss the transmissive behavior of 
printed circuit board traces in the presence of fast signal 
edges. Effect of loading on trace parameters is described 
and a simplified measurement method is given. 

• SERIES TERMINATION - Pros and cons of series 
termination are discussed in detail in this note. 

• POWER DISSIPATION IN CLOCK DRIVERS - The 
components of power dissipation in CMOS and CMOS­
based BiCMOS circuits are described. The FCT244 Octal 
Buffer is used as an example to illustrate the effect of 
loading on the dynamic component of power dissipation. 

• FCT OUTPUT STRUCTURES AND CHARACTERISTICS 
- This application note describes the implementation of 
the output buffer in various mask-sets used to produce FCT 
logic product. The output characteristics corresponding to 
each implementation are shown. This information is useful 
in calculating estimated speed derating due to capacitive 
loading and also to determine the impact of termination on 
the signal characteristics. 

• POWER-DOWN OPERATION - Use of FCT family of 
devices in power-down mode is discussed. 

• FCT-T LOGIC FAMILY - This application note describes 
in detail the features and benefits, electrical characteristics II 
and performance of the FCT-T family of products. Typical 
V-I characteristics of all important DC parameters are 
shown. The power-off disable feature of backplane drivers 
is described. 

• SPECIFIC PRODUCT APPLICATION BULLETINS -
These application notes describe in detail technical 
information referring to the pertaining part number. 
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SIMULTANEOUS APPLICATION 

, I SWITCHING NOISE NOTE 

ldt AN-47 

Integrated Device Technology, Inc. 

By Suren Kodlcal 

INTRODUCTION 
The need for increasing levels of throughput and improved per­

formance in today's systems has placed certain demands on the 
logic. and interface ~evices used in these systems. Two of the key 
requirements are high speed and high dynamic drive. Often the 
traditional glue logic and interface parts are in the critical timing 
paths and playa key role in determining system performance. Bet­
ter s~eed (shorter propagation delays) lead to improved timing 
mar9l.ns and offer opportunities for performance upgrading. The 
techniques used for improving the speed also result in faster edge 
ra~es at .the .outputs of these devices. As edge rates get faster, 
p.rlnted clrcultboa.rd traces and back plane wiring appeartransmis­
slve at shorter distances. More and more interconnections be­
tween circuits now have to be treated as transmission lines. This 
scenario leads to a requirement for higher dynamic drive at the out­
puts of.m~st h.igh-speed circuits in order to drive low impedance 
transmission lines and to sustain high levels of DC current if the 
traces or backplane wiring are terminated at the far end. 

This simultaneous requirement for high speed and high drive has 
certain important implications. First, the high speed in most CMOS 
integrated circuits is achieved by improved device processing and 
topology. Internal nodes slew faster and transistors reach their 
saturation current more rapidly, resulting in a higher rate of change 
of current (di/dt) in all switching transistors. Since most outputs of 
glue logic and interface devices are designed to handle high levels 
of dy~amic current, the ~ate of build-up of current is particularly se­
vere In the output transistors. When several outputs switch simul­
taneously, the total build-up of current in the common ground or 
Vcc lead inductance can be substantial (of the order of 200mA/ns 
to 300mNns) and can develop a large transient potential differ-

PCB Vee PLANE 

SWITCHING 
CURRENTS 
FROM 
OTHER 
CIRCUITS 
ON CHIP 

Ground Lead -.. : 

ence between the device power trace (ground or Vee trace) and the 
external power plane. The term "lead" used here refers to the com­
bination of bonding wire and package pin. A specific area of inter­
est is the simultaneous switching of several "sink" transistors dur­
ing the logic HIGH to LOW transition and the resultant transient po­
tential difference between the chip ground and the external ground 
plane. This phenomenon is the simultaneous switching noise on 
the device (chip) ground plane and is commonly referred to as 
"GROUND BOUNCE". 

Second, the high dynamic drive currents will cause very fast volt­
age ~dges at the ~,":"itching outputs of the device subjected to pre­
dominantly capacitive loads. For example, a load capacitance of 
50pF (equivalent of 6 to 7 typical CMOS inputs) will be discharged 
at a ~ate ~f 2V/ns during the high-to-Iow output transition if the dy­
namic drive current of the output sink transistor is 100mA. Such 
rapid edge rates will make relatively short PCB traces look like 
transmission lines. For example, a 2V/ns edge rate will make a 
typical trace of 6 inches or more look transmissive. These fast 
edges will contribute to system noise due to ringing, overshoots 
and undersh~~ts on the signals, EMI and RFI due to sharp output 
voltage transitions and cross-talk between two adjacent signal 
lines on a PCB surface. 

In this application note we will discuss the phenomenon of 
GROUND BOUNCE, its contributing factors and some design and 
application guidelines for minimizing the effects of ground bounce. 

THE "GROUND BOUNCE" PHENOMENON 
Figure 1 sho.ws the equivalent circuit of a typical CMOS output 

buffer stage With the package parasitics and the external load. 

I -4- Vee Lead 

CHIP Vee 

Output Lead 

LOAD 

Figure 1. Output Buffer with External Parasitics 
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SIMULTANEOUS SWITCHING NOISE 

The parasitic components which influence ground bounce are; 
(a) inductance and resistance of the ground bond wire and pin, (b) 
inductance and resistance of the output bond wire and pin, and (c) 
load impedance. Forfirst order analysis, the parasitics associated 

with the Vee terminal can be ignored. Also the external ground 
plane is assumed to be ideal. 

During the output high to low transition, the sum of output load 
current and all switching current through the internal gates of the 
device flows through the ground lead. The rate of change of this 
current (dildt) develops a voltage drop across the ground lead in­
ductance (Lg) and causes a positive ground bounce or an over­
shoot in an otherwise quiet ground. This positive bounce is nor­
mally followed by an undershoot coincident with the voltage 
waveform on the output terminal. The amplitudes of both positive 
and negative ground bounce are a function Lgdi/dt and of the num­
ber of outputs switching simultaneously. The ground bounce phe­
nomenon can be clearly observed at an unswitched "LOW" output 
of a device by switching several other outputs simultaneously from 

VOUT 
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logic HIGH to LOW. Figure 2 shows a typical output voltage transi­
tion and the corresponding ground bounce as observed at the un­
switched LOW output. 

The positive ground bounce is primarily the result of the rate of 
change of current (dig/dt) through the ground lead inductance. 
This rate is determined by the rate at which the gate to source volt­
age (Vgs) of the sink transistor changes. During the early part of 
the output fall time, the ground voltage rises while the output volt­
age (at the drain of the transistor) falls, forcing the sink transistor 
into the linear region. The transistor then behaves like a resistor 
Ron (the "on" resistance of the transistor in the linear region). For 
the remainder of the output voltage excursion, the equivalent cir­
cuit at the output can be treated like a resonant L-C-R circuit 
formed by the ground and output lead inductance, load capaci­
tance and the total resistance in the loop which includes Ron. The 
oscillation frequency is determined by the net values of Land C 
while the damping is determined by L and the total resistance in the 
loop. 

r 
~ (SWITCHED OUTPUT H ~ L TRANSITION) 

V _ _ _ _ _ _ POSITIVE GROUND BOUNCE 

TIME NEGATIVE 
GROUND 
BOUNCE 

Figure 2. Ground Bounce Waveform 

Ground bounce is also generated during the output LOW to 
HIGH transition. However, the magnitude of this ground bounce is 
much smaller because of the absence of load current in the ground 
lead. 

GROUND BOUNCE MEASUREMENT 
There is no industry standard per se for measuring ground 

bounce. However, the method most commonly used by IC vendors 
and customers alike is based on observing the disturbance of the 
logic LOW level of an unswitched output of a multiple output device 
while switching all other (or several other) outputs from HIGH to 
LOW state. Figure 3 shows the schematic for measuring ground 
bounce on a device such as the FCT244 octal buffer. One output is 
in the LOW state while 7 outputs are switched simultaneously. The 
load on each output consists of a 50pF capacitor to ground in par-

7.14 

allel with a SOon resistor to ground. Two outputs are connected to I 
the oscilloscope; one for observing the HIGH to LOWtransition of a 
"switched" output and the other for observing the ground bounce 
on the "quiet" output. At these outputs, the soon load is split into a 
4500. resistor in series with the son input impedance of the scope 

probe. Alternatively, a SOon load resistor can be returned to 
ground and a high impedance probe connected to the device out­
put pins. 

With careful layout, proper bypassing to filter out high frequency 
noise and with a good oscilloscope and probes (bandwidth of at 
least 400 MHz), it is possible to observe the ground bounce on the 
internal ground of the chip by observing the voltage at the un­
switched "LOW" output whose sink transistor operates in the linear 
region and provides a "Kelvin connection" to the chip ground. 
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LOAD CAPACITORS ARE 
PLACED AS CLOSE TO 
THE OUT AS POSSIBLE 

Figure 3. Ground Bounce Test Circuit 

A scheme similar to the one shown in Figure 3 can be adapted for 
any multiple-output circuit. It can also be modified (by changing 
the load on the switched outputs) to observe and measure ground 
bounce during HIGH Z to LOW transitions in devices with 3-state 
control. 

THE RELATIONSHIP BETWEEN GROUND 
BOUNCE AND SPEED 

In CMOS circuits, the effective channel length (Leff) is the pri­
mary determinant of speed. However, for a given topology, this pa-

3 

2 
(volts) 

Vg 

3 4 

rameter also determines the saturation current (dynamic drive cur­
rent) in the output sink transistor. A shorter Leff results in a faster 
device, but at the same time gives a larger dildt in the sink transis­
tor. Therefore, there is a direct correlation between ground bounce 
(caused by dildt) and speed. This relationship is shown in Figure 4 
where the positive ground bounce is plotted as a function of tpHL for 
an FCT244 device in PDIP, SOIC and LCC. The ground bounce is 

measured at room temperature and Vee = 5V using the test 
method shown in Figure 3. 

5 6 
tpHL (ns) 

Figure 4. 

Figure 4 illustrates two important points. First, because faster 
devices show a higher amplitude of ground bounce, one must ex­
ercise caution when comparing different logic families or different 
vendors for ground bounce. The samples to be compared should 
be in the same type of package and their propagation delays 
should be in close proximity. Second, package parasitics (ground 

7.14 

lead inductance in particular) have a significant impact on the mag­
nitude of ground bounce. In a standard DIP package, the corner 
pin ground lead inductance (pin #10 in a 20 pin package) is around 
12 nH. In an SOIC this inductance is only about 7 nH and shrinks to 
around 4 nH in an LCC. The difference in ground bounce ampli­
tude for different packages is clear from the above graph. 

3 



SIMULTANEOUS SWITCHING NOISE 

EFFECT OF NUMBER OF OUTPUTS 
SWITCHING 

Ground bounce increases as more outputs switch HIGH to LOW 
simultaneously. Actual measurements indicate that the relation­
ship is not linear. The reason is as follows. When the chip ground 
voltage rises due to the Ldildt effect, it modulates the gate-to­
source voltage (Vgs) of the sink transistor and limits the peak cur-

Vg 
(V) 

~ ... /.:. 

PDIPPACKAGE 
25~C 

'Ic:c:=5V 
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rent in the tr~nsistor. As more outputs switch simultaneously, the 
peak curre.nt In each transistor actually decreases, although the to­
tal current In the ground lead increases. This "diminishing returns" 
effect results in a non-linear relationship between ground bounce 
and the number of outputs switching simultaneously. 

Figure 5 shows the ground bounce for an FCT244 octal buffer in 
a PD.I~ package measured on pin #18 under nominal operating 
conditions. 

EXPECTED 
RANGE 

o~--~----;---~----;---~----~----
7 8 2 3 4 5 6 

NUMBER OF OUTPUTS SWITCHING 

Figure 5. Simultaneous Switching Effect on Ground Bounce 

EFFECT ON DEVICE PERFORMANCE 
.Ground bounce causes a variety of effects in the application en­

vironment as described below: 
1: The most commonly observed effect is the noise on a "quiet" 

10g.lc LOW o~tput level in a device when several other outputs 
~wltch from high to low simultaneously. If the amplitude of the posi­
tive ground bounce exceeds the input threshold of the device 
driven by it, then all noise margin disappears and the driven device 
may recognize the noise as a legitimate input transition. A work­
a~ound for this problem is to allow some settling time before the 
Signals at the output of the device are treated as valid. This solution 
g~.nerally appl.ies to combinatorial paths only. A large positive tran­
sition on certain control signals such as CLOCK, LATCH ENABLE, 
RESET, etc. ~an cause loss of data. Such a problem can only be 
solved by taking steps to reduce the magnitude of the positive 
wound bounce below the recognition level (threshold) of the de­
vice. 

,2. C~anges. in the chip ground voltage disturb the thresholds, or 
triP p?~nts, of Internal g~te,s. This can cause non-monotonic output 
transitions that look Similar to the effect of short unterminated 
transmission lines. Often this is not a serious issue. 

3. The phenomenon described in (2) also causes a skew or a 
separation between edges of several outputs switching simultane­
o~sly. This skew is a function of the number of outputs switching. 
Figure 6 shows the effect of simultaneous switching on output 

7.14 

skew for an FCT244 device used as a clock driver. The actual 
measurements were made under worst case commercial tem­

perature and Vee conditions for speed. 
In critical clock driving applications, the absolute magnitude of 

output skew can be reduced by using devices in SOIC or LCC 
packages. Switching fewer outputs per device will further reduce 
the skew. However, this approach has to be weighed against the 
device to device skew if more packages have to be used as a re­
sult. 

4. The most serious effect of ground bounce is associated with 
the loss of dynamic noise margin which results in the loss of stored 
data in latches and registers. This loss of noise margin is often 
caused by the negative ground bounce which follows the high to 
low transition of several simultaneously switching outputs (see 7 
Fig~re 2). Simply stated, the undershoots on the chip ground lower 
the Input threshold, or trip point, of the device. This has the same 
effect as an input making a LOW to HIGH transition relative to the 
chip ground. If the undershoot is large enough to bring the input 
threshold near the logic LOW level of any of the inputs held LOW 
(with reference to the external ground plane), all dynamic noise im-
munity in the input stage of the device is destroyed. The apparent 
LOW to HIGH transition of clock (or latch enable) and any logic 
"LOW" data inputs of registers (or latches) will have the effect of 
losing stored "LOW" data which is now replaced by "HIGH" data. 
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Figure 6. Effect of Simultaneous Switching on Output Skew 

SOLUTIONS TO THE GROUND BOUNCE 
PROBLEM 

Ground bounce is a pervasive phenomenon. It can be minimized 
or circumvented, but rarely eliminated since the parasitic induc­
tance cannot be totally removed from the package. The solutions 
to the ground bounce problem take essentially two forms; (a) mini­
mizing the effects of ground bounce and (b) minimizing the magni­
tude of ground bounce. 

To minimize the effects of ground bounce, the design should be 
made "ground bounce tolerant". This can only be done at the ex­
pense of system throughput, since additional time must be allowed 
for the ground bounce to settle. As a result, the benefit of using 
high speed logic is partially negated. 

The techniques for minimizing the magnitude of ground bounce 
take many forms. They are generally aimed at reducing either the 
parasitic inductance, or the amount of dildt or both. These tech­
niques are discussed in some detail below. 

Using Smaller Packages 
Since ground bounce is the voltage induced in the ground lead 

inductance by the rapid rate of change of current through it, there is 
a direct correlation betwe'en the amount of inductance and the 
magnitude of ground bounce. Ground lead inductance can be re­
duced by using packages with smaller internal cavities and lead di-

mensions. For example, for corner Vee and GND configuration, 
the typical ground lead inductance for a 20 or 24 pin Plastic DIP 
package is of the order of 12 nH to 15 nH. This inductance drops to 
about 7 nH in an SOIC package and to about 4 nH in an LCC pack­
age. Figure 7 shows the effect of package lead inductance on the 
positive ground bounce for an FCT244 device. 

Another method of reducing ground lead inductance is to ar­
range the pad layout such that the power pins (particularly the 
GND pins) are at the centerof the package forthe shortest lengths. 
Although this is an acceptable solution, it raises standardization 
and compatibility issues on industry-standard functions. This 
choice does exist for new functions and as an addition to existing 
standard functions. 

25°C 
Vee = 5 V 

tPHL=4.3ns 

MEASURED ON OUTPUT: PIN 18 

3 

2 

Vg 
(volts) 

o 
o 4 
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RANGE 

8 12 16 
GROUND LEAD INDUCTANCE - nH 

Figure 7. Effect of Package Lead Inductance 
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SIMULTANEOUS SWITCHING NOISE 

Series Damping 
di/dt can be reduced either by limiting the magnitude of the peak 

current (Imax) through the ground leador by slowing down the buil­
dup of the total ground lead current during the output transition. 
The value of Imax depends on the size of the output sink transistor 
as well as on the load. Since this is a dynamic phenomenon, the 
peak current depends more on the amount of energy stored in the 
load capacitance. 

3 

2 
(volts) 

Vg 

3 4 
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One effective method of limiting the magnitude of Imax is to use a 
series damping resistor at the output. During the output transition, 
this resistor comes in series with the "on" resistance of the output 
buffer and limits the peak current, and hence the dild!. Figure 8 
shows the effect of series damping resistance on ground bounce 
for an FCT244 device. 

NO SERIES DAMPING 

5 6 
tpHL (ns) 

Figure 8. Effect of Series Damping on Positive Ground Bounce 

As seen from the figure above, the series damping resistor 
causes a significant reduction in ground bounce. However, it is im­
portant to understand the implications of using series damping. 
Since the total output impedance is significantly higher, the trans­
mitted signal is attenuated at the driving end; the attenuation being 
determined by the source impedance (Ro + Rs) and the loaded 
transmission line impedance (ZL). Ro is the "on" impedance of the 
output circuit. This attenuation limits the amplitude of the first inci­
dent wave. Therefore, the series damping technique must be used 
with caution and is not recommended if first incident wave switch­
ing is desired. This subject is covered more thoroughly in the Ap­
plication Note entitled "SERIES TERMINA TlON'. The series 
damping resistor, if properly chosen, does have the advantage of 
limiting overshoots and undershoots on the transmitted signal 
without increasing system power dissipation. 

The series damping resistor also decreases the magnitude of 
negative ground bounce and the undershoot on HIGH to LOW 
transitions. Therefore, series damping is effective in driving CMOS 
memories, particularly ORAMs where undershoots on input sig­
nals are undesirable. 

Reduced Output Swing 
Another technique for reducing ground bounce relies on limiting 

the energy stored in the load on the device output(s). If the voltage 

7.14 

swing at the output is limited, less energy stored in the load. For 
example, if the output swing is limited to 3.3 volts nominal (similar 
to most bipolar or BiCMOS totem-pole outputs) instead of rail-to­
rail, the energy stored in the output load can be decreased by a fac­
tor of 2.5:1 for a given load capacitance. This results in a smaller 
positive as well as negative ground bounce. 

There is a beneficial side effect of this method. Since the high to 
low transition starts from a lower voltage level, the fall time compo-
nent (the time taken for the output to switch from the logic HIGH 

level to the 1.SV measurement level) of tpHL is smaller than that for 
a rail-to-rail transition. This translates into an improvement in tPHL. 
However, since speed improvement is not the primary objective'l 
some or ail of this speed improvement can be sacrificed in order to 
further reduce the simultaneous switching noise. This can be 
achieved by means of a circuit configuration which provides a 
smaller initial dildt during the logic HIGH to LOW transition. The 
resulting degradation in the output fail time cancels the speed im­
provement. In practice, about 40 improvement in ground bounce 
(relative to rail to rail swing outpul) can be obtained for the same 
speed. The FCT - T family of products introduced by lOT has been 
designed using this approach. Figure 9 shows the ground bounce 
characteristics for IOT74FCT244T/AT devices in POIP and SOIC 
packages in comparison with the IDT74FCT244/A. 
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Figure 9. Improved Ground Bounce in FCT-T Family 

SUMMARY 
The requirement for high speed and high drive results in the phe­

nomenon of ground bounce or simultaneous switching noise in 
high speed logic and interface circuits. The effects of ground 
bounce range from a noise spike on a quiet output to data loss in 
registers and latches. The magnitude of ground bounce can be re-

7.14 

duced by using smaller packages with lower ground lead induc­
tance, by switching fewer outputs of a device simultaneously, or by 
using a series damping resistor in the rail-to-rail swing FeT logic. 
The new FCT-T logic family is designed to offer much smaller 
ground bounce at the same speed by reducing the output voltage 
swing and by controlling the di/dt in the ground lead during the out­
put transitions. 
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This application note gives some general guidelines and recom­
mendations for using high speed logic such as FCT, FCT A and 
FCT B family of products. 

POWER DISTRIBUTION 
1. Use Ground and Vee planes on multi-layer boards. 
2. On two-layer boards with no Vee and Ground plane, use a 

"grid" type ground distribution system to equalize ground potential 
at different points on the P C board. 

3. Use Power Distribution Elements - PDEs (conductor-dielec­
tric-conductor) to reduce characteristic impedance. Use separate 
PDEs for devices that switch large amounts of sink and source cur­
rents. 

4. Do not use jumper wires for ground connections. 
5. Provide a separate "noisy" ground distribution for high cur­

rent drivers, particularly those driving backplanes. 
6. Place high current driving circuits near their loads. For exam­

ple, place backplane drivers at the edge of the board. 
7. Make adequate provision for supplying transient energy to 

handle PC trace impedance and load capacitance. This is done by 
connecting individual bypass capacitors across the power pins of 
high current switching circuits. 

8. Use low-inductance, ceramic disk capacitors (4700 pFto 0.1 
uF) for high frequency filtering. These can be used in parallel with 
normal bypass capacitors. 

SIGNAL TRACES 
1. Treat the PC board traces as transmission lines. A conserva­

tive rule of thumb is to consider a trace as a transmission line if the 
unloaded signal transition time at the driving end equals the 
round-trip propagation delay for the trace in question. Typically, 
the transmission line delay is 0.15 ns per inch, or 0.3 ns for one inch 
round-trip. That means, for a transition time of 2 ns, a trace longer 
than 7 inches should be considered as a transmission line. 

2. To minimize cross-talk between signal traces, avoid running 
sensitive signal lines close to traces connected to high current driv­
ers. 

3. Any signal lines that cross each other should be placed at 
right angles to further reduce cross-talk. 

DEVICE SELECTION 
1. Select devices which offer the largest amount of "real" noise 

margin. Ground noise due to simultaneous switching of multiple 
outputs causes a loss of dynamic noise immunity in the logic low 
state. Therefore, it is important to improve "low level" noise immu­
nity. This can be achieved by: 

a. Using CMOS outputs to drive inputs of "storage" devices 
such as latches and registers. This will offer better noise margin 

~) 1 Qa9 In1egr.,ed Device Technology, Inc. 
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when compared to driving with devices with bipolar outputs which 
have a higher logic low level due to the offset voltage of the Schot­
tky-clamped NPN sink transistor. 

b. Reducing DC loading, i.e. reduce the fanput, on the out­
puts of devices that drive the data and control inputs of latches and 
registers. 

c. Using devices with "hysterisis" on the inputs. This will fur­
ther improve dynamic as well as static noise margin. 

d. Use of series damping resistors (25 to 35 ohms) at the 
output of latches and registers will reduce the undershoot on the 
device intenal ground due to simultaneous switching of multiple 
outputs of the device. This undershoot normally follows the over­
shoot (also referred to as the ground bounce). 

Series damping will overdamp the series L-C-R circuit 
formed by the parasitic ground path inductance, load capacitance 
and the low impedance of the sink transistor. 

2. Several measures can be taken to reduce the power supply 
noise - both ground bounce and Vee bounce: 

a. Contention should be avoided on devices connected to a 
bus. Although bus contention is not detrimental to the device in a 
normal application, it causes very large positive and negative dildt 
in the ground and Vee paths. Such contention has the same effect 
as charging a very large load capacitance. 

b. Series termination (i.e. series damping resistors) will also 
reduce the magnitude of the ground bounce by limiting the maxi­
mum transient current and thereby decreasing the total energy 
transferred to the parasitic inductances. 

c. Use of local high frequency filtering will minimize the 
propagation of noise on ground and Vee traces. 

3. Avoid running control lines through a device that drives datal 
address buses. 

4. Since the magnitudeof ground and Vee noise is adirectfunc­
tion of parasitic inductance, if all other conditions are unchanged, 
much benefit is gained by using packages with lower bond-wire 
and lead inductance. Thus, surface mount packages (SO, LCC, 

PLCC, etc.) will offer lower levels of ground and Vee noise than II 
standard DIP packages 

5. Output drive "overkill" should be avoided. In non-critical 
paths, use of low-drive circuits will generally reduce the overall 
supply noise. 

6. In very high speed circuits, minimize the loading per device to 
reduce total load capacitance. 

SUMMARY 
A combination of high speed (particularly fast edge rates) and 

high drive contribute to increased noise in power supply path as 
well as in signal paths. Much care is needed to minimize such 
noise so that maximum performance benefit is derived from the 
FCT family of high speed logic products. 

Printed in the U.S.A. 11/89 
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Printed circuit board traces carrying high speed digital signals 
can behave like transmission lines for fast edge rates of the driving 
signal. The transmission line effects can cause signal distortion, 
overshoots, undershoots and crosstalk between adjacent lines. It 
is therefore important to understand this behavior for trouble-free 
board design. In this application note we discuss the transmissive 
effects of PCB traces, the relevant electrical parameters and a sim­
ple technique for measuring unloaded or loaded characteristic im­
pedance. 

Lo 

PCB TRACE AS A TRANSMISSION LINE 
A PCB trace is normally regarded as a very low impedance me­

dium which carries electrical signals from one point to another. 
This is true for most signals with relatively sloW edge rates (long 
rise and fall times). However, when a trace is subjected to fast 
edge rates, its behavior changes completely. It behaves like a 
transmission line with a certain characteristic impedance Z. This 
impedance now presents a load to the driving circuit. In addition, 
the transmissive trace introduces a finite signal delay from source 
(driving end) to destination (receiving end). The equivalent circuit 
for a transmission line, represented by distributed L+R and C is 
shown in Figure 1. 

---------~ 

T 

Figure 1. Transmission Line - Equivalent Circuit 

In this schematic, 
Lo = Inductance of the trace per unit length, and 
Co = Capacitance per unit length. 

For the purpose of this discussion the series resistance can be 
ignored, thus treating the PCB trace as a "loss less" transmission 
line. The subscript "0" implies that the inductance and capacitance 
pertain to the "unloaded" condition, i.e. the inductance is the "self 
inductance" of the trace and the capacitance is that offered by the 
dielectric separating the trace in question from the adjacent con­
ducting media. 

Two important parameters can be derived from Lo and Co. The 
first one is Zo, the characteristic impedance of the trace. The sec­
ond parameter is To, the propagation delay per unit length of the 
trace. It should be noted that the parameter Zo is independent of 
the length of the trace. 

© 1989 Integrated Oevice Technology, Inc. 
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Zo = ( Lo/Co ) 1/2 , normally defined in ohms ......... (1) 

To = ( LoCo )1/2 per unit length, normally defined in 
nanoseconds ..... (2) 

Example 
A typical MICROS TRIP PCB trace (a dielectric separating the 

trace from the ground plane on one side and free air on the other 3 
sides of a rectangular trace cross-section) which is 10 mils wide 
and 1.5 mil thick separated from the ground plane by 15 mil glass­
filled epoxy has a typical Co = 2 pF/inch and Lo = 10 nH/inch. Using 
the above equations, we get Zo = 70 n and To = 0.15 ns/inch. The 
table in Figure 2 gives various transmission line geometries and 
their parameters. 

Printed in the U.S.A. 11/89 
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TYPE GEOMETRY 
Zo To 

ohms ns I inch 

CO-AX @ 50 -125 0.13 

WIRE OVER 0 70 -170 0.14 
GROUND GND 

MICROSTRIP QIEL'PcTRIC GNrL.1 I 30 -150 0.15 
LINES 

STRIP LINE GN~I CJ 
I 

15 - 100 0.19 

PC BOARD CJ r:-1 

TRACES I DIELECTRIC I 50 - 200 0.16 

Figure 2. Transmission Line Geometries 

EFFECT OF LOADING 
The concept of an unloaded transmission line applies to point­

to-point connections which consist of a driver and a receiver at the 
two ends of a trace, with no connections to the trace in-between. 
Most often, a PCB trace is tapped at several points and connected 
to inputs of several ICs. Clock, RIW, Chip Select lines and Data 
and Address buses are examples of this. These IC inputs repre­
sent a quasi-distributed load to the driving circuit. Whereas bipo-

lar TIL inputs present a DC leakage path to Vee in addition to the 

UNIT 
LENGTH 

input capacitance, most CMOS inputs offer a capacitive load (ig­
noring the effects of input lead inductance). 

As a result, the transmission line parameters are modified under 
the loaded condition, because the additional distributed load ca­
pacitance must be taken into account in addition to the unloaded 

distributed capacitance Co. 
To simplify the discussion, let us assume that the distributed load 

capacitance is represented by CL per unit length, as shown in Fig­
ure 3. 

Figure 3. Loaded Transmission Line 

Taking the effect of CL into account, the loaded trace impedance 

ZL and the loaded transmission delay TL per unit length are given 
by: 

ZL = Zo [ Col (Co + CL) ]1/2 ohms ............................... (3) 

and TL = To [ (Co + CL)I Co ]1/2 per unit length ................... (4) 

Example 
Consider a clock driver driving a bank of registers in DIP pack­

age, mounted 0.5 inches apart. Assuming a typical input capaci­
tance of the clock pin of 5 pF, the PCB trace is loaded with 5 pF 

capacitance every 112 inch. This is equivalent to a distributed CL of 

7.16 

10 pF per inch .. Using the example for the PCB trace given earlier, 
the loaded parameters can be calculated using equations (3) and 
(4): 

ZL = 70 [2 I ( 2+ 10) ]1/2 = 70[ 1/6]112 = 70/2.45 = 29 nand 

T L = 0.15 x 2.45 = 0.37 ns/inch. 

This example illustrates the need for a significantly higher drive 
as the trace impedance drops from 70 n to 29 n. It also shows the 
impact of such loading on clock skew caused by the increase in 
transmission delay. 

2 
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CHARACTERISTICS OF PCB TRACES 

WHEN IS THE PCB TRACE TRANSMISSIVE? 
As a general statement, a PCB trace looks like a transmission 

line for fast edge rates of the transmitted signal. To quantify this, a 
commonly used rule of thumb is: 

TREA T A PC BOARD TRACE AS A TRANSMISSION LINE IF 

T.s.... 2L x Tt. 

In this equation, T = output transition time (rise or fall time) 

TL= loaded transmission delay per unit length. 

TL = To for the point-to-point case 
l = length of the PCB trace 

Example 
Consider the loaded transmission line in the example cited 

above. If the clock driver has an output transition time of 5 ns, the 
length at which the PCB trace should be treated as transmissive is 
given by: 

l = T 12TL = 51 (2 x 0.37) = 6.8 inches. 
It is clear that. with slower edge rates a driver can drive longer 

traces without transmission line effects. The table in Figure 4 
shows the limiting signal line length for different logic families 
based on tvpical edge rates for each of the families and~­
loaded signal traces. 

LOGIC FAMILY SIGNAL LINE LENGTH" 
(INCHES) 

lS 25 

S,AS 11 

F,ACT 8 

AS,ECl 6 

FCT, FCT A 5 

·Length above which the signal trace looks like a transmission line. 

Figure 4. Signal line Length vs Logic Family 

This table shows that, as we go to faster logic devices, it be­
comes more critical to understand the transmission-line effects. 
Note that the signal lengths given in the table are not guarantees 
for any logic family. The actual limiting signal length is a function of 
trace and board characteristics, trace loading and the edge rates of 
individual devices in any logic family. 

MEASUREMENT OF PCB TRACE 
PARAMETERS 

Since both ZL and TL depend on board layout and loading, a sim­
ple practical method of determining these two parameters is use-

7.16 
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ful. Described below is one such method which is particularly appli­
cable to traces with well-distributed loading. 

Equipment required: 
1. Pulse generator with known source impedance (typ. 50 Q) 

and capable of rise and fall times faster than 2.5 ns. 
2. Oscilloscope: >350 MHz bandwidth. 
3. High impedance scope probes. 

Method 
a. If the source impedance of the pulse generator is unknown, it 

can be easily obtained by observing the unloaded output 
waveform of the pulse generator, and then loading the pulse gen­
erator output with a resistance that will halve the amplitude of the 
original signal. The value of this load resistance is the source im­
pedance (Rs) of the pulse generator. 

b. Connect the pulse generator and the oscilloscope to one end 
of the PCB trace. Use a minimum of 9 inches of PCB trace. Insert 
the devices that will form the distributed load on the PCB trace. See 
Figure 5. 

TO lOADS (IC INPUTS) 

Figure 5. Test Set-Up for Measuring PCB Trace Parameters 

c. Set up the pulse generator to obtain a 5V amplitude square 
wave of 1 MHz frequency. Adjust the rise and fall times to get30 ns 
(10% to 90%). These slow edges ensure that the PCB trace be­
haves like a lumped load and not like a transmission line. Over­
shoots and undershoots on the waveform are avoided. Record the 

amplitude (Vs) observed on the oscilloscope under these condi­
tions as shown in Figure 6A. 

d. Now change the setting on the pulse generator to get the 
fastest rise and fall time. Observe the high to low transition on the 
oscilloscope. Note that there is a step in the output transition as 
shown in Figure 6B. Record the amplitude of the first segment of 

the output transition (VI) and time interval between the start of the 

first transition and the start of the second transition (2l x TL). 
e. Determine the characteristic impedance of the loaded PCB 

trace (ZL) by the formula: 

ZL = Rs x [VI I (Vs - VI) 1 
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CHARACTERISTICS OF PCB TRACES 

v 

V[ __________________ ,~ 
Time (ns) 

Measuring Vs with Slow Edge Rate 

Figure SA. 

The line propagation delay to the end of the trace is given by T L. 

Example 
In a test performed on a 9 inch trace, we get Rs = 45 n, VI = 2.8 V 

and 2L x TL = 6 ns. Then, 

ZL = 45 x [ 2.8 I (5 - 2.8) 1 
=57n. 

TL = 61 (2 x 9) 
= 0.33 ns per inch 

THE IMPORTANCE OF PCB TRACE 
CHARACTERISTICS 

The relative values of source impedance (Rs) of the driving circuit 
and the loaded characteristic impedance of the transmission line 
(ZL) determine the effectiveness of driving transmission lines. As 
Rs increases for a given ZL, the amplitude of the transmitted com-

ponent of the waveform (VI) decreases. If the transmitted wave 
does not cross the threshold of a receiving device, the receiving 
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V 

a 2L·Tl ~ 
Time (ns) 

Measuring Vt and TL with Fast Edge Rate 

Figure 58. 

device may not respond to the signal at the driving end (see Figure 
6B) until the reflected wave reinforces the signal after a turn­
around delay along the PCB trace. This implies that if a driver is 
driving a PCB trace from one end, the receiver nearer to the driver 
will respond afterthe receiver at the far end of the PCB trace. Such 
skew may be unacceptable in certain conditions. 

The relative values of trace impedance and the load impedance 
at the far end also determine the amount of reflection and hence 
the overshoots and undershoots on the waveform. By understand­
ing the implications of transmissive traces, a designer can choose 
the right termination and drive capability of the driving circuit to de­
rive the maximum benefit. 

SUMMARY 
This application note describes the effect of fast edge-rates on 

the behavior of PCB traces. A simplified method for measuring the 
trace parameters in a given application environment is shown. The 
procedure discussed here can be extended to fully loaded back­
planes. 

4 
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Series termination is one of several forms of terminating trans­
missive lines. In this bulletin we discuss the pros and cons of series 
termination and the effect of termination impedance on simultane­
ous switching noise (a.k.a. Ground Bounce). 

WHY TERMINATE? 
With the constant push for higher speeds, particularly in the area 

of standard logic and bus interface products, system designers 
have to deal with devices with fast edge rates. At the same time, 
high packing density of multi-layer boards results in PC board 
traces with low loaded impedance and long transmission delays. 
This combination of fast edge rates and low transmission line im­
pedance requires the system designer to pay careful attention to 
PCB design in order to maximize the benefits of today's high­
speed logic. As more and more devices on the boards go to CMOS 
technology, typical nets consist of outputs with fast edges looking 
into transmission lines with some distributed capacitance along 
the line or lumped capacitance of CMOS IC inputs at the end of the 
line or a combination of both. In the absence of some form of termi­
nation, overshoots and undershoots on the signal can impose 
bandwidth limitation on the system, or subsystem due to settling 
time requirements or, even worse, can cause false triggering and 
data loss. 

Termination of transmission lines is the time-honored method of 
improving signal quality. There are several forms of termination: 

a. Parallel or shunt termination: a single resistor terminated 
to either Vee or GND at the end of the PCB trace. For back­
planes, termination is provided at each end. 

b. Series termination: a single resistor is connected between 
the output node of the driver and the PCB trace or any other trans­
mission line being driven. 

c. Thevenln termination: two resistors form a potential divider 
at the far end of the transmission line. The junction of thetwo resis­
tors goes to the transmission line and the two ends typically go to 

GND and Vee. This type of termination is commonly used on back­
planes at both ends. 

d. RC termination: an R-C series combination is connected 
between the transmission line and GND at the far end. 

Each of the termination schemes listed above has certain advan­
tages and disadvantages. A detailed discussion of the relative 
merits of these schemes will be part of a separate application note. 
In this issue, we will focus on SERIES TERMINATION. 
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SERIES TERMINATION 
Figure 1 shows a typical case of a series terminated driver con­

nected to a load via a PCB trace. 

i'/. R: • PCB TRACE Zo @ LOADS 

~\. ~To--' 
DRIVER L- SERIES TERMINATION 

Rs 

Figure 1. 

The effective output impedance of the driver is now the sum of 
device source impedance (Ro) and the series terminating resis­
tance (Rs). This modified output impedance of the driver comes in 
series with the characteristic impedance (Zo) of the PCB trace and 
forms a potential divider for the incident signal. Therefore, the sig­
nal that propagates down the trace is a fraction of the "open-cir­
cuit" signal at the driving end. The magnitude of the transmitted 
wave is given by the following equation: 

VI = Vs [ Zo I (Ro + Rs + Zo) 1 ................ (1) 

This equation shows that, as the total source impedance ap­
proaches the characteristic impedance of the line, approximately 
half of the incident wave will be transmitted to the other end of the 
trace. Since the load impedance is much larger than Zo due to the 
high input impedance of the CMOS devices, most of the transmit­
ted wave is reflected. As a result, overshoots and undershoots on 

the signal are minimized at the receiving end. If Ro + Rs is much 
smaller than Zoo a larger portion of the incident wave is transmitted 
down the trace. Since most of it is reflected, such a condition will 
cause overshoots and undershoots at the receiving end. Figure 2 
shows the effect of series termination under prefect matching (total 
source impedance equals trace impedance). 

Jr---

........ 
To To 

/ 

Figure 2. 
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SERIES TERMINATION 

The example shown highlights some important points: 
1. For the best signal quality, the series terminating resistor 

should be chosen such that the total source impedance (Ro + Rs) is 
close to the characteristic impedance of the PCB trace. It is not es­
sential that the two quantities match exactly. It is, however, impor­
tant to ensure that the total source impedance is not greater than 
the trace impedance. Otherwise, multiple reflections may be 
needed to obtain the entire signal transition at the receiving end. 

2. The waveforms in Figure 2 clearly show the effect of series 
termination on the waveform at both the sending end A and receiv­
ing end B. For a perfectly matched condition, the signal will attain 
the final value at the sending end after a round-trip delay ( 2To ), 
although it will attain the final value after one transmission delay 
(TD) at the receiving en'd. If loads (several IC inputs) are distrib­
uted along the PCB trace and are driven by the driver at one end, 
this condition results in signal skew which may be unacceptable. 
Therefore, series termination may not be the most suitable form of 
termination for distributed loads. Of course, the ratio of source to 
trace impedance can be adjusted to ensure that the threshold of 
the receiver is crossed on the first incidence of the transmitted 
wave, but this is normally at the expense of some undershoot and 
overshoot during signal transitions. 

3. There is no limit to the number of lumped loads (as shown in 
Figure 1) that can be used, provided that the total DC loading does 
not reduce the static noise margin because of a voltage drop 
across the series terminating resistor. This implies that series ter­
mination is well-suited to drive inputs of CMOS devices because 
of their very low input current requirements. The primary limitation 
to the number of CMOS loads is the additional delay due to the to­
tal input capacitance being driven. 

4. When series termination is used with lumped loads, the dis­
tance between the indvidualloads should be kept to a minimum. If 
the loads being driven are spread apart, a preferred method of driv­
ing them from one source is to make several groups of loads and 
drive each group from the driving source via individual transmis­
sion lines with their own series termination resistors. The driver 
should of course be capable of handling this additional transmis­
sion line loading. 

5. It is clear that the series termination does not add any power 
dissipation to the system. It is, therefore, the preferred form of ter­
mination if power dissipation is a key consideration. 

6. Series termination adds flexibility to the design in that the ter­
mination values can be tailored to suit a variety of trace character­
istics and timing requirements. 

SERIES TERMINATION WITH FeT DRIVERS 
Like most TIL-compatible drivers designed to meet the stan­

dard DC specifications, the FCT output buffers offer different out­
put impedance in the logic LOW and HIGH states. Typically, the 
output impedance is 6 ohms in the LOW state and 25 ohms in the 
HIGH state. Since the internal thresholds of all TIL-compatible 
devices (independent of technology) are with reference to GND 
and the noise immunity is normally worse in the logic LOW state, it 
is important to consider the logic LOW state and the high-to-Iow 
transitions when evaluating the effect of terminations. 

First, let us consider the requirements for first incident wave 
switching. The aim is to cause enough voltage swing on the first 
part of the transmitted wave to cross the threshold of a receiving 
device close to the driver. For a typical VOH of 4.8V with CMOS 
P-channel pull-up transistors and specified VIL = 0.8 V for the re­

ceiver, the required amplitude of the incident signal is VI = VOH­
VIL = 4.8 - 0.8 = 4 V. The open circuit swing is Vs = 4.8 V. 
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Reworking equation #1, we get: 

Therefore, 
Rs = Zo [ VIL / (VOH - VIL) j- Ro ............... ( 2 ) 

Using the values for Vs and VI and for a device source imped­
ance of 6 ohms, the maximum value of series termination resis­
tance which will assure incident wave switching is given by 

Rs = Zo [0.8/ (4.8 - o. ) ]- 6 
= (0.2Zo - 6) ohms 

For example, if the PCB trace impedance is 70 ohms, the maxi­
mum value of series termination resistance is 8 ohms to assure in­
cident wave switching. A similar consideration for the low to high 
transition yields the expression: 

Rs = Zo [ ( VOH - VIH) / VIH j- Ro .............. ( 3 ) 

For a VOH = 4.8 V, VIH = 2.0 V and a source impedance of 25 
ohms in the logic high state, the maximum value of series termina­
tion resistance to assure incident wave switching is, 

Rs = (l.4Zo - 25) ohms 

Again, if the PCB trace impedance is 70 ohms, the maximum 
value of Rs is 73 ohms. This indicates that the high to low transition 
is the worst case. 

The above example shows that a requirement for incident wave 
switching will impose severe restrictions on the series termination 
resistance due to the high to low switching case. Since the termi­
nation value is much less than the trace impedance, a certain 
amount of overshoots and undershoots are to be expected on the 
output waveform at the far end of the PCB trace. In effect, the inci­
dent wave switching requirement is in conflict with signal integrity 
for FCT logic devices with rail to rail output switching when using 
series termination. If signal integrity is the primary consideration, 
then the series termination has to be chosen to match the trace im­
pedance. However, signal skew has to be tolerated when driving a 
transmission line with distributed loading. Alternatively, series ter­
mination should be limited to driving lumped loads at the far end of 
the transmission line (PCB trace). 

In high-speed switching circuits, series termination offers an-I 
other advantage. When driving predominantly capacitive loads, 
the series resistor serves to limit the peak current in the output 
pUll-down transistor and therefore the resultant dildt in the para-
sitic lead and bond wire inductance. This has the beneficial effect 
of limiting the amount of ground bounce (induced by the L.dildt ef-
fect) as a result of simultaneous switching of high drive outputs. 

SUMMARY 
Series termination is an effective method for minimizing over­

shoots and undershoots on signals with fast edges and for reduc­
ing the amount of ground bounce caused by simultaneous switch­
ing. An understanding of the device output characteristics, particu­
larly the output impedance values, is required to properly deter­
mine the value of series termination in order to assure incident 
wave switching. 
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Power dissipation in switching circuits is discussed in this bulle­
tin, particularly with reference to CMOS clock driver circuits. The 
IDT54/74FCT244 octal buffer is used as an example to compare 
the power supply current in CMOS, bipolar and bipolar-based BiC­
MaS technologies over a wide range of operating frequencies. 

POWER DISSIPATION COMPONENTS 
There are two components of power dissipation in integrated cir­

cuits. One is the steady-state component. This is the dissipation 
when all inputs are held at some fixed voltage level. The other 
component is frequency dependent and is generally referred to as 
the dynamic component. 

In CMOS and CMOS-based BiCMOS circuits, the steady-state 
component is further divided into two sUb-components; the quies-
cent power supply current (Icc) primarily due to device leakage 
and the quescent power supply current when inputs are at TIL 
high level (~Icc). This latter component applies to circuits with TIL 
compatible inputs. In bipolar and bipolar-based BiCMOS circuits, 
no such distinction is made and it is customary to specify power 
supply current for a given logic state on the output(s). 

The dynamic component of power dissipation (Icco) is dominant 
in CMOS circuits because most of the power is dissipated in mov­
ing charge in the parasitic capacitors of CMOS gates. Therefore, 
the simplified model of a CMOS circuit consisting of several gates 
looks like one large capacitor which is charged and discharged be-
tween power supply rails. For this reason, a parameter called Cpo 
(power dissipation capacitance) is often specified as a measure of 
this equivalent capacitance and is used by the designers to esti­
mate the dynamic power supply component. In the bipolar tech­
nology, the dynamic component is generally very sma" in compari­
son with the steady-state component because internal voltage 
swings are small. 

Since power supply parameters are traditionally specified under 
"unloaded" condition, a comparison of power dissipation for a 
given device type (FCT244 with F244, for example) based on data 
sheet numbers alone can be misleading. For a true "apples-to­
apples" comparison, the effect of capacitive load on the device 
should be taken into consideration. This is particularly true in the 
case of clock drivers which drive heavy capacitive loads and oper­
ate at high frequency. Under these conditions, the dynamic power 
dissipation component due to output loading could be significant in 
both bipolar and CMOS circuits. This is illustrated in the following 
section by using the '244 Octal Buffer as an example. 

'244 Example 
Considerthe '244 as a clock driver with 30 pF load on each of the 

8 outputs, operating at room temperature and Vcc = max. Power 
dissipation of lOT's FCT244 is compared with F244 (FASP.4) and 
Tl's BCT244. Data sheet numbers are used where applicable. 

© 1989 Integrated Device TechnOlogy, Inc. 
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~ 
First, we need to determine the Cpo for the device. Since Cpo = 

IccoN in pF if Iceo is expressed in /lA/MHz, we can determine Cpo 
using the max. limit specified for Icco in the data sheet. Therefore, 

Cpo = 250 /5.5 = 45 pF 

When the device is loaded with 30 pF capacitance per output, the 
dynamic dissipation component increases due to load. The loaded 
value is given by, 

Iceo ( loaded) = { (Cpo + Cl) / Cpo} Icco 
= { (45 + 30) /45 } 250 /lA / MHz / bit 
= 0.42 mA / MHz / bit. 

When a" eight outputs are switching simultaneously, the total 
Icco (loaded) is 3.3 mA/MHz. 

If quiescent power dissipation is ignored, the above equation can 
be used to determine the total power dissipation at any frequency 
when the input levels are CMOS compatible. For the case where 
the inputs are driven from a bipolar TIL device, the ~Icc compo­
nent needs to be added in order to obtain the total power dissipa-
tion. Assuming a 50 duty cycle, for ~Icc (max.) of 2 mA, this static 
Icc component is 8 mA. Figure 1 shows the power dissipation ver­
sus frequency for both conditions. 

F244 
The specified power dissipation is ICCl = 90 mA and ICCH = 60 

mAo For a 50 duty cycle, the steady-state dissipation is 75 mA. In 
addition, the dynamic dissipation component appears due to the 
external load capacitance and the output pin capacitance of the 
device. For Cl = 30 pF and COUT = 10 pF (assumed), the dynamic 
component can be derived: 

Icco (loaded) = 40 pF x (4.3 V - 0.3 V) in /lA/MHz. 
= 160 /lA / MHz / bit 

where the 4.3 V - 0.3 V represents the voltage swing (for Vcc = 
5.5V) on the total load capacitance. For 8 outputs switching simul­
taneously, Icco is 1.28 mAl MHz. The total dissipation as a func­
tion of frequency is also shown in Figure 1. 

BCT244 
The BCT family from TI is developed with a bipolar-based 

BiCMOS process. Therefore, the power dissipation characteris­
tics are similar to F244. The steady-state dissipation is 57.5 mA 
for a 50 duty cycle. The dynamic component of the dissipation is 
1.28 mA/MHz. The total power dissipation versus frequency is 
again shown in Figure 1. 
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POWER DISSIPATION IN CLOCK DRIVERS 

The graph in Figure 1 shows that over a wide range of frequen­
cies the power dissipation of FCT family of circuits is much less 
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than that of BCT and F families, even under heavy capacitive 
loading. 

I ECT244 I 
(TTL LEVEL INPUTS) 

o 5 10 15 20 25 

FREQUENCY (MHz) 

Figure 1. Total Icc vs Frequency 

SUMMARY 
A simple method for calculating "real" power dissipation in an op­

erating environment is shown by using '244 as an example. This 

7.18 

method can be extended to any other product and can be used to 
determine realistic power consumption if the loading and effective 
operating frequency can be estimated for each device. 
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INTRODUCTION 
The FCT family of products has gone through an evolution in 

terms of die size, process technology (critical dimensions) and cir­
cuit implementation. Originally, the family of products was derived 
from the Z-step gate arrays ("4004" gate array for small gate count 
and "8000" array for large gate count). Later, a "shrunk" version of 
the smaller array was developed to obtain performance improve­
ment. This array is called the V-step. Recently, some of the high 
volume runners have been "customized", i.e. redesigned to mini­
mize the die size and get some performance improvement with a 
more efficienttopology. These customized versions are called the 
W-step devices. The current FCT portfolio consists of a mix of Z, Y 
and W step devices. This bulletin describes the output structures 
used in different steppings and the corresponding output charac­
teristics for the logic HIGH and LOW states. 

"4004" Z- STEP OUTPUT BUFFER 
The schematic fot the buffer used in the "4004" Z step devices is 

shown in Figure 1. This output consists of an N-<:hannel "sink" 
transistor which turns on in the logic low state at the output and 
maintains a logic low voltage close to GROUND for normal load­
ing. 

The pull-up or "source" circuit consists of a combination of a P­
channel transistor, an N-<:hannel transistor and an NPN bipolar 
transistor with a series current lim iting resistor. This circuit configu-

(VOUT) 
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Figure 2A. "4004" Z Step Logic "High" Characteristics 

The output characteristic in the logic HIGH state is dominated by 
the current limiting resistor in series with the NPN pull-up transis­

tor. As the output reaches the Vee rail, the output characteristic is 
primarily influenced by the P-<:hannel transistor. In the logic LOW 

© 1989 Integrated Device Technology, Inc. 
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ration is designed to give a resistive characteristic during the LOW 
to HIGH transition at the output. 

Figure 1. Step Output Structure 

The output V-I characteristics for the Z step output structure in 
the logic HIGH and LOW states are shown in Figures 2A and 28, 
respectively. 
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Figure 2B. "4004" Z Step Logic "Low" Characteristics 

state, the output characteristic is that of a large N-<:hannel pull­
down transistor. Note that the characteristics shown in Figure 2 
represent typical process parameters at 25°C. 

Printed in the U.S.A. 11/89 
1 



FCT OUTPUT STRUCTURES AND CHARACTERISTICS 

V-STEP OUTPUT BUFFER 
The circuit schematic for the Y step output buffer is shown in Fig­

ure 3. 

APPLICATION NOTE AN-52 

Figure 3. V-Step Output Structure 

This output structure is designed to get shorter propagation de­
lays. The output characteristic in both HIGH and LOW states is 
non-linear as shown in Figures 4A and 4B. below. 
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Figure 4A. V Step Logic "High" Characteristics 

W STEP & "8000" Z STEP OUTPUT BUFFER 
The schematic of the output buffer used in the "8000" Z step gate 

array as well as the W step devices is shown in Figure 5. The 

7.19 

250 

200 

150 

(mA) 

100 

50 

a 2 3 4 5 

(VOUT) 

Figure 48. V Step Logic "Low" Characteristics 

structure consists of a parallel combination of P-<hannel and N7"" 
channel transistors in the pull-up circuit and a large N.:...channel 
transistor in the pull-down circuit. 
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Figure 5. W Step and "SOOO" Z Step Output Structure 

The pull-up structure yields an almost resistive characteristic in 
the logic HIGH state. The characteristic in the logic LOW state is 
again non-linear due to the N-channel transistor. 
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Figure 6A. W & "SOOO" Z Step Logic "High" 
Characteristics 

SUMMARY 
The output V-I characteristics are determined by the circuit im­

plementation and transistor geometries. Output buffer schemes 
and the corresponding typical characteristics for FCT devices 
manufactured in the Z, Y and W stepping are shown in this bulletin. 
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These output characteristics are shown in Figures 6A and 68. 
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Figure 68. W & "SOOO" Z Step Logic "Low" 
Characteristics 

The characteristics are intended to aid the designer in developing 
nominal circuit simulation models so that the effect of driving differ­
ent types of lumped and transmissive loads can be evaluated. In 
order to develop suitable models, the customer should first deter­
mine the stepping for the subject device. This information can be 
obtained by contacting IDTs LOGIC Marketing group. 
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INTRODUCTION 
In a POWER-DOWN mode. a device operates with a supply volt­

age that is lower than the normal operating range of 5V ± 5 for com­
mercial grade and 5V ± 10 for military grade. This should not be 
confused with the "low-power dissipation standby mode" of CMOS 
static RAMs where part of internal circuitry is shut off to reduce 
standby power. The power-down mode is used to either conserve 
power in a part of a system or to provide a battery back-up in fault­
tolerant systems. The devices operating in the power down mode 
are expected to co-exist with other devices which are connected to 
normal power supply rails in the same system. This bulletin dis­
cusses the use of our FCT devices in the power-down mode. 

DESIGN FEATURES 
All FCT and AHCT devices currently manufactured by lOT sup­

port rail-to-rail output voltage swing. This is a benefit in the 

[>--+---1 
INPUT 

INPUT 
CIRCUIT 

power-down operation because the logic high noise immunity is 
not compromised. In addition. these circuits have the following de­
sign features: 
• The inputs (except for 1/0 ports) do not have a clamp diode to 

Vee but do have a clamp diode to ground to prevent 
excessive undershoot on the inputs. 

• The outputs have P-channel pull-up transistors to raise output 
high level close to Vee. 

The P-channel devices have ajunction diode as an integral part 
of the geometry. To prevent this junction from floating. the cath-
ode of this diode is tied to Vee. the most positive potential. Simi­
larly. the N-channel transistors used in the output circuit have an 
integral junction diode whose anode is tied to GNO. the most nega­
tive potential. Figure 1 shows the diodes associated with inputs 
and outputs. 

Vee 

GNO 

OUTPUT 
BUFFER 

Figure 1. Fer logic with Parasitic Diodes 

POWER-DOWN OPERATION 
Consider the case where an FCT or AHCT device operating in 

the power-down mode (say at a Vee of 3 volts) is driven from an­
other device operating from a higher Vee. Because of the absence 
of a diode clamp to Vee. there is no current flow from the driving 
device into the low voltage power supply through the input pin. The 

© 1989 Integrlled Device Technology. Inc. 
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FCT and AHCT inputs thus permit power down operation on the 
input side. 

An FCT or AHCT device in the power-down mode can easily 
drive TTL-compatible inputs or 1/0 ports. because the TTL-com­
patible inputs normally demand negligible input current in the logic 
high state. 

Printed in the U.S.A. 11/89 

I 

I 



POWER-DOWN OPERATION 

LIMIT ATIONS 
The presence of a diode from the output pin to Vee as shown in 

Figure 1, however, imposes certain limitations in the power-down 

Vee (POWER DOWN) 

GND 

OUTPUT IN HI-Z STATE 

APPLICATION NOTE AN-53 

operation when the output of a device which is powered down is in 
the high-impedance state and the bus to which this device is tied is 
driven by another device operating from a higher Vee (see Figure 
2). 

BUS Vee (NORMAL) 

OUTPUT IN HIGH STATE 

Figure 2. 

In this case, the output diode to Vee provides a low impedance 
path to the lower Vee if the interfacing device output is in the HIGH 
state and the logic HIGH voltage is in excess of the power-down 
supply rail by more than a forward diode drop. In such an event, 
the logic high voltage will be clamped. This is normally not a seri­
ous issue if the driving devices have bipolar outputs or N-channel 
CMOS outputs with reduced voltage swings. However, if the driv­
ing device pulls up to Vee and offers a low source impedance, the 
current into the output of the FCT or AHCT device in the power­
down mode can exceed the absolute maximum rating. This situ­
ation can be avoided if a current limiting resistor (25 ohms or more) 
is used in series with the outputs of the device in power-down 
mode. 

A similar restriction applies to 1/0 ports of devices such as the 
FCT245 and FCT646 when operating from a lower Vee. The 1/0 
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port consists of an input node physically connected to an output 
which can be put in high-Z state when the port is to be used as an 
input. The presence of P-channel pull-up transistor in the output 
circuit adds a parasitic diode to Vee at the 1/0 port. Therefore, this 

diode will offer a low impedance path to the lower Vee if the driving 
device pulls up to the higher (nominal 5V) Vee. 

SUMMARY 
The design of the FCT and AHCT input structures facilitates use 

of these devices in a dual-rail system or in a power-down mode to 
conserve system power or to provide a battery back-up. Although 
the design of the output structures imposes a limitation in certain 
power-down situations, it can be overcome easily. 
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INTRODUCTION 
Present day systems and board level products have two impor­

tant characteristics; higher clock rates to obtain improved through­
put and higher packing density to reduce space and cost. System 
designers are demanding higher speed and user friendliness from 
IC vendors 10 cope with the tight timing requirements and with the 
switching noise induced by high-speed TIL circuits. As discussed 
in the Application Note entitled "SIMULTANEOUS SWITCHING 
NOISE', high speed and simultaneous switching noise (particu­
larly Ground Bounce) go hand in hand. For a given speed, less 
board-level noise translates into reduced design time, lower re­
work cost and better quality of outgoing product. Since most stan­
dard "glue" logic elements such as buffers, transceivers, latches 
and registers are used for their high drive capability and speed, 
they can also become the primary source of noise. Therefore, ven­
dors of such high-speed circuits are faced with the challenge of 
providing "friendly but fasf' glue logic to the performance-driven 
user. 

lOT has met this challenge with the FCT - T family of standard 
logic which is designed to give the best speed/noise trade-off to 
the syste'm designer. This new logic family features reduced out­
put voltage swing and a high current output stage designed to mini­
mize simultaneous switching noise. In this application note, we 
discuss this TIL-compatible family in terms of its features and 
benefits, product characteristics, performance curves and certain 
special features. 

WHAT IS FCT-T LOGIC? 
The FCT - T family is form, fit and function compatible with the 

industry standard FCT family of high-speed, high-drive logic from 
lOT. The FCT - T family offers the same speed grades (standard, 
A, B and C) as the FCT family while generating much lower level of 
noise (particularly ground bounce). It is, therefore, backward­
compatible with the FCT family of products in all applications 
where rail-ta-rail switching at the output is not essential. Typical 
FCT - T output logic levels are 0.1 V in the logic LOW state and 3.3V 
in the logic HIGH state. 

The FCT - T family also includes several products with power off/ 
up/down disable feature. These are intended for backplane driv­
ing, especially in applications which require "hot insertion" capabil­
ity for the boards without interrupting system operation. 

FCT-T FEATURES AND BENEFITS 
The key features of FCT - T family are described below: 
TTL Level Outputs - The output pull-up circuit has been modi­

fied to offer a quiescent output HIGH level of about 3.3V, similar to 
most bipolar and BiCMOS output stages. This feature makes 
FCT -:-T truly compatible with existing bipolar and BiCMOS func­
tions and thus offers an attractive low-power alternative without 
any performance penalty. 

Ground Bounce Control - The output pull-down circuit has 
been modified to control the rate of build-up of current in the "sink" 
transistors so that the Lgdi/dt effect is minimized (Lg is the total in­
ductance in the ground return path) and ground bounce is reduced 
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for a given speed. This feature also slows the output edge rates 
and minimizes transmission-line effects on PC boards. 

Input Hysteresis - Input buffers (TIL-to-CMOS translators) 
have been designed to offer 200mV (typical) hysteresis in order to 
improve both high and low level noise immunity. This feature de­
creases propensity for data loss or oscillations in high noise envi­
ronment and offers immunity to noise superimposed on slow input 
signal transitions. 

Variety Of Speed Grades - The FCT - T family offers the fol­
lowing speed grades: 

FCTxxxT - corresponds to FCTxxx 
FCTxxxAT -corresponds to FCTxxxA 
FCTxxxBT - corresPondS to FCTxxxB 
FCTxxxCT - corresponds to FCTxxxC 

The system designer can choose the speed grade necessary for 
optimum performance. It is important to note, however, that there 
is a strong correlation between the amount of simultateous switch­
ing noise and speed. Therefore, designers using higher speed de­
vices should pay careful attention to board layout, termination, 
decoupling and package selection in order to get the maximum 
benefit. 

Compatibility - The FCT - T logic family is compatible with all 
other TIL compatible logic families (AS, ALS, FAST, BCT, etc.). 
The reduced output swing makes the FCT-T outputs look very 
much like standard bipolar outputs. The static noise margin when 
driving from an FCT - T device is the same as that with any bipolar 
output device in the logic HIGH state. In the logic LOW state, the 
typical static noise margin is greater with the FCT - T family than 
with any bipolar logic family because of the absence of a voltage 
offset usually seen in bipolar Schottky outputs in the logic LOW 
state. Input thresholds are set to be within the 0.8V and 2.0V range. 

Power-Off Disable - Certain members of the FCT-T family 
are designed to offer the power off/up/down disable feature. 
These devices with 3-state control maintain high:-impedance 
state at their outputs during power supply ramping and power 
down ( i.e., Vee = OV ) if the Output Enable pin is conditioned to 
disable the outputs. This feature is attractive, and often essential, 
for backplane drivers in applications which require hot insertion. 
These applications include on-line transaction systems, factory 
floor automation, critical medical life support systems, etc. This 
feature is currently offered in double density devices with high 
drive capability, since these devices offer board space savings in 
backplane environment. 

JEDEC Standard 18 Compliance - FCT-T specifications 
meet or exceed the requirements of JEOEC Standard No. 18 enti­
tled "Standard for Description of 54n4FCTXXXX, Fast CMOS 
TTL Compatible Logic". 

FCT-T CHARACTERISTICS 
In this section, we discuss various characteristics of the FCT - T 

family. This information is offered to the system designer to under­
stand the operation of a device, boundary conditions and interface 
requirements in terms of transmission line driving. 

Printed in the U.S.A. 11/89 
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DC CHARACTERISTICS TABLE 
Commercial: TA = O°C to +70°C; Vee = 5.0V ± 5% 

Military: T A = -55°C to + 125°C; Vee = 5.0V ± 10% 

SYMBOL PARAMETER TEST CONDITIONS(1) 

VIL Input HIGH Level Guaranteed Logic High Level 

VIH Input LOW Level Guaranteed Logic Low Level 

Except I/O Pins 
IIH Input HIGH Current 

Vee = Max. 
VI = 2.7V I/O Pins 

Vee = Max. 
Except I/O Pins 

IlL Input LOW Current 
VI = 0.5V I/O Pins 

10ZH High Impedance Vo = 2.7V 

10ZL 
Output Current Vee = Max. 

Vo = 0.5V 

Ii Input HIGH Current Vee = Max.; VI = Vee (Max.) 

VIK Clamp Diode Voltage Vee = Min.; liN =-1SmA 

los Short Circuit Current Vee = Max.; Vo = GND(3) 

10H = -6mA MIL. 

VOH Output HIGH Voltage Vee = Min. 10H = -SmA COM'L. 

VIN = VIH or VIL 10H = -12mA MIL. 

10H = -15mA COM'L. 

Vee = Min. 10L = 4SmA MIL. 
VOL Output LOW Voltage VIN = VIH or VIL 

Line Drivers 10L = 64mA COM'L. 

Vee = Min. 

VOL Output LOW Voltage VIN = VIH or VIL 10L = 32mA MIL. 
Standard,3-State 10L = 4SmA COM'L. 
and SOO Series 

VH Input Hysteresis Vee = 5V 

Icc 
Quiescent Power 

Vee = Max.; VIN = GND or Vee Supply Current 

NOTES: 

MIN. TYP.<2) MAX. 

2.0 - -

- - O.S 

- 5 -

- - 15 

- - -5 

- - -15 

- - 10 

- - -10 

- - 100 

- -0.7 -1.2 

-60 - -225 

2.4 3.3 -

2.0 3.0 -

- 0.3 0.55 

- 0.3 0.5 

- 200 -

- 0.2 1.5 

1. For conditions shown as max. or min., use appropriate value specified under Electrical Characteristics for the applicable device type. 

2. Typical values are at Vcc = 5.0V, +25°C ambient and maximum loading. 
3. Not more than one output should be shorted at one time. Duration of the short circuit test should not exceed one second. 

Figure 1. 

UNIT 

V 

V 

IlA 

IlA 

IlA 

IlA 

V 

mA 

V 

V 

V 

V 

mV 

mA 

The table in Figure 1 is similar to that for the FCT family of prod­
ucts. Significant differences are summarized below. Then individ­
ual parameters are discussed in detail with the aid of circuit sche­
matics and V-I characteristics. 

2. Maximum limit of -225mA has been added to the los (Short 
Circuit Current) specification to maintain compatibility with other 
ITL-output families. 

Differences between FCT - T and FCT 
1. VOH limit of 2.4 volts is guaranteed at -6mA military and 

-SmA commercial for the FCT - T family. The corresponding cur­
rents are -12mA and -15mA, respectively, for FCT. 

7.21 

3. Since the output voltage swing is reduced, low drive (300JlA) 
specifications for logic HIGH and LOW levels have been omitted. 
Similarly, all specifications at Vee = 3.3V have been omitted, as 
these CMOS level output specifications are not applicable. 
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4. Hysteresis specification has been added to indicate the 
amount of nominal hysteresis built into the design. 

5. Static Icc specification has been added to maintain compati­
bility with other TTL data sheets. 

INPUT 

ESD I 

PROTECTION .­
CIRCUIT & 
INPUT CLAMP 

Vee 

APPLICATION NOTE AN-54 

INPUT CIRCUIT AND CHARACTERISTICS 
The input circuit for the FCT-:Tfamily is shown in Figure 2. 

TO 
NEXT 
STAGE 

Figure 2. FCT-T Input Stage 

The input stage is, in effect, a TTL to CMOS translator. It consists 
of (a) Input clamp diode to limit input voltage undershoots to ap­
proximately one diode below ground, (b) ESD protection circuit, (c) 
Input buffer designed for TTL threshold with a typical 200mV hys­
teresis and (d) Inverter which interfaces with the following stage. 

lin (ilA) 

-2 2 

/ =-40 

CLAMP -60 
DIODE 

3 

Hysteresis is achieved by means of a change in the ratio of P­
channel to N-channel transistor areas in the input translator. Typi­
cal V-I characteristics of the input stage is shown in Figure 3A and 
the typical transfer characteristic is shown in Figure 3B. 

INPUT 
BREAKDOWN 

4 5 6 
VIN(V) 

7 8 

Figure 3A. FCT-T Input V-I Characteristics 

The input current in the operating input voltage range is ex­
tremely low, in the order of nanoamps because of the very high in­
put impedance of the CMOS gate. At voltages greater than one 
diode drop below device ground, the input offers low impedance 

7.21 

because of the forward-biased input clamp diode. Input break­

down voltage is well outside the normal operating limit of Vee 
(max). 

3 

II 
I 



FCT-T LOGIC FAMILY 

VOH 

VOUT 
(Volts) 

VOL 

HYSTERESIS 
MARGIN 

APPLICATION NOTE AN-54 

1.4V 1.6V 

VIN (Volts) 

Figure 38. Input Stage Transfer Characteristics 

An important feature of the FCT - T logic family is that all inputs 
have hysteresis in the input stage transfer characteristic. Hys­
teresis increases static noise immunity in both logic states and also 
offers immunity to noise superimposed on slow edge-rate input 
signals, if the amplitude of the superimposed noise is less than the 
hysteresis margin. 

OUTPUT CIRCUIT AND CHARACTERISTICS 
The FCT - T output circuit is designed for a nominal voltage swing 

of about 3.3V. (In comparison, the FCTfamily output swing is from 
rail to raiL) The reduced output swing has certain benefits: 

Benefits of reduced output swing 
1. The output characteristics of FCT - T logic more closely 

match those of the industry-accepted Bipolar and BiCMOS logic 
families (AS, ALS, FAST, BCT, etc.). 

2. Nominal threshold of any TIL inputs tied to an FCT - T output 
is almost in the middle of the output swing. Therefore duty-cycle 

FROM 
PREVIOUS 

STAGE 

OE SIGNAL-----------I 

distortion of signal propagating through a chain of devices is mini­
mized. 

3. For the same High-to-Low edge rate, reduced output swing 
would result in improved tpHL because of smaller output voltage 
excursion relative to a device with full rail-to-rail output swing. Al­
ternatively, a given tpHL spec can be met with a slower High-to­
Low edge rate. In the FCT - T family, we have taken advantage of 
this latter feature and improved the output circuit to reduce ground 
bounce as well as the level of radiated noise (EMI and RFI) caused 
by sharp output transitions and fast edges. 

4. Less energy is stored in the output load capacitance when 
compared with a rail-to-rail swing device. This results in less 
ground bounce for the same speed when compared with a rail-to­
rail switching device. 

Output Circuit Schematic 
The equivalent circuit of a typical FCT - T output stage is shown in 

Figure 4. 

Vee 

'---+-OUTPUT 

Figure 4. FCT-T Output Stage Schematic 
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The schematic shown here differs from a traditional CMOS out­
put stage (P-<:hannel pull up and N-channel pull-down) in the fol­
lowing ways: 

• An N-channel pull-up transistor is used to obtain a voltage off-
set in the logic High state, so that the quiescent VOH level is ap­
proximately 3.3 volts. 

• The pull-down circuit consists of two stages. During the High­
to-Low transition, a small N-channel transistor turns on first, fol­
lowed by a large N-channel transistor after some delay. This ar­
rangement results in a smaller dildt in the ground return path dur-

15 

10 
lOUT 
(rnA) 

75 

25 

LOGIC LOW STATE 

2 3 4 5 

VOUT (V) 

Figure SA. Output Low Characteristics 

The output characteristic in the logic LOW state shows high static 
drive capability and low output impedance in the linear region. 
Typical output impedance in the LOW state is 5Q. 

The output characteristic in the logic HIGH state has a slope of 
30Q typical. This relatively high output impedance and the re­
duced voltage swing make the LOW-to-HIGH transition the worst 
case for incident wave switching. The characteristics are pre­
sented here to assist the system designer in determining proper 
termination based on the application at hand. 

DC Output Characteristics (High Z State) 
The output characteristics in the High Impedance state are 

shown in Figure 6 on the following page. The breakdown region for 
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ing the output transition and adequate DC drive in the logic Low 
state. There are minor variations in the actual implementation of 
the output stage from mask-set to mask-set. The schematic 
shown is intended to give the general concept. 

DC Output Characteristics (Logic LOW and HIGH 

States) 
Typical DC output characteristics for the logic LOW and HIGH 

states are shown in Figures 5A and 58, respectively. These 
curves are obtained at 25°C and Vee = 5 volts. 

VOUT (V) 

o 2 5 

30n (typical) 

LOGIC HIGH STATE 

-25 

-50 

-75 
lOUT 
(rnA 

-100 

-125 

-150 

Figure 58. Output High Characteristics 

output voltage above Vee depends on the actual circuit implemen­
tation. 

In the High Impedance state, both pull-up and pull-down sec­
tions of the output stage are disabled. Therefore, the output ports 
exhibit very high impedance in the normal operating range. For 
output voltages below GND, parasitic junction diodes associated 
with the N-channel output transistors come into effect and offer 
very low output impedance to GND as shown by the diode charac­
teristic in Figure 6. For output voltages above Vee, one of two dif­
ferent characteristics can be observed: 

5 
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60 

lOUT (mA) 40 

20 

2 3 4 5 
VOUT (V) 

(A) 

6 
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(8) 

8 

(A): Outputs Without Power-Off Disable Feature 
(8): Outputs With Power-Off Disable Feature 

Figure 6. Output High-Z Characteristics 

Curve (A): The devices with P-channel transistors in the output 
stage exhibit low impedance at output voltage greater than a diode 

above Vee. These devices do not have the "power-off disable" 
feature. 

Curve (8): The devices with the "power-off disable"feature show 

high output impedance at output voltages higher than Vee. The 
output stage in these devices has been designed to avoid any 

parasitic junction diode to Vee. 
The "power-off disable" feature is discussed in detail later in this 

bulletin. 

POWER SUPPLY CHARACTERISTICS 

Components of Power Supply Current 
There are three power supply current components in TTL com­

patible CMOS circuits: 

(1) Icc - The quiescent power supply current through the supply 

pin when all inputs are either at GND or at applied Vee. This cur-

6 

5 

L'1lee 
4 

Per Input 
3 (mA) 

2 

0 
0 2 

rent normally represents internal leakages as well as pacakage­
related leakages. 

(2) ~Iee - The quiescent power supply current when inputs are 
held at "TTL levels", and 

(3) leeD- Dynamic current caused by an Input Transition Pair 
(HLH or LHL). This current is a function of frequency associated 
with the signal transitions. 

The total current Ie = Icc + ~Iee + IceD. 
The last two components of power supply current are discussed 

in detail below. 

~Icc Characteristics 
The input stage of a CMOS device draws current from the power 

supply pin for an input voltage range bounded by Vtn and (Vee-Vtp ) 

where Vtn and Vtp are the thresholds of N-channel and P-channel 
devices, respectively. Within this voltage range, both P and N 
channel transistors in the input translator stage are on (see Figure 

2 for reference). Figure 7 shows the relationship between ~Iee 

and input voltage (VIN) for a typical FCT - T input stage. 

3 4 5 

VIN (Volts) 

Figure 7. ~Icc Characteristics 
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As the input voltage is raised above Vtn , the ~Icc component in­
creases, reaching a peak at the input threshold for the low-ta-high 
transition. The sharp drop in current at threshold indicates the 
presence of hysteresis which effectively modifies the P-channel to 
N-channel ratio. As the input voltage is raised further, the ~Icc 
component falls because the P-channel transistor is being pro­
gressively turned off. Note that the characteristic is plotted "per in­
put". The total current drawn from an IC depends on the number of 
inputs and the voltage applied to each input. The ~Icc parameter 
is specified for an input voltage of 3.4 volts at Vcc = max. in the 
data sheet. 

Dynamic Power Supply Current - ICCD 

CMOS gates use power from the power supply source to charge 
and discharge parasitic capacitances when changing logic levels. 
This power is related to the frequency at which the logic level tran­
sitions occur. It is given by the formula: 

where 
Power = V xi = fCpV2 
f = frequency of logic level transitions, 
Cp = parasitic capacitance associated with the gate, 
V = voltage change on the capacitor, and 

6 

5 

TA = 25°C 

Vcc = 5.5 V 
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i = average switching current through the power 
supply path. 

The average power supply current is given by i = fCp V. Since this 
current is a function of frequency, it can be represented in the form 

of current per MHz and its value is given by CpV with appropriate 
units. This is the dynamic power supply current for the gate. In a 
CMOS integrated circuit the total dynamic current is the sum of all 
such currents and is represented by ICCD. 

ICCD is measured with the switching output(s) open, so that there 
is no influence of capacitance external to the package. Capacitive 
loading on the switching outputs will increase the measured value 

of ICCD by an amount equal to the load-dependent fCl V. Also, in­
put transitions should be from GND to Vcc to eliminate any ~Icc 
component in the measurement. For devices with multiple identi-
cal paths (FCT244T Octal Buffer, for example), ICCD is specified for 
one bit switching. Figure 8 shows a graph for dynamic power sup­
ply current for FCT244T buffer. This graph shows the linear rela-
tionship between ICCD and frequency. ICCD characteristic for an 
FCT244 with rail-to-rail output swing is also shown for compari­
son. The difference in the current at any frequency is due to the 
reduced output voltage swing. 

Input Swing: 5V peak-to-peak 

ICCD (mA) 
PER BIT 

4 

3 

2 

o 
o 

FCT-T 

5 10 15 20 25 30 35 

FREQUENCY (MHz) 

Figure 8. Dynamic Power Supply Current 

NOTE: The units for ICCD have the dimensions of current x time. 
Therefore, this parameter should be treated as "charge". In fact, 

symbollCCD since the measurement isin terms of current and is 
also consistent with the data sheets. 

the JEDEC Standard 18 for FCT logic uses the symbol QCCD for 
this parameter. In this application note, the author has chosen the 

Figure 9, below, shows the Power Supply Characteristics table 
for FCT244T as an example. 

SYMBOL PARAMETER TEST CONDITIONS TYP_ MAX. UNIT 

Vcc = Max. 
Icc Quiescent Power Supply Current VIN = Vcc or GND 0.2 1.5 mA 

f = 0 

Quiescent Power Supply Current Vcc = Max. 
0.5 2.0 mA ~Icc TIL Inputs HIGH VIN = 3.4V 

Vcc = Max. 

I 
VIN = Vcc mAl ICCD Dynamic Power Supply Current Outputs Open 
VIN = GND 

0.15 0.25 
MHz One Bit Toggling 

Figure 9. FCT244T Power Supply Characteristics 
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Total Power Supply Current - Example 
From the information provided in the table above, the total power 

supply current can be calculated for a given operating condition. 
For example, let us assume that the FCT244T is used as a clock 
buffer, distributing the clock with a fan-out of 8 (one input, 8 out­
puts) at 25 MHz with 50 duty cycle. This clock distribution is ac­
complished by tying all inputs together. Output Enable pins are at 
GNO. Inputs are driven from a TIL compatible device. 

Typical power supply current Ie (outputs unloaded) is calculated 
as follows: 

lee = 0.2mA 
~Iee = 0.5(duty ratio) x 8(switching inputs) x 0.5mA = 2mA 
leeD = 2S(frequency) x 8(switching outputs) x 0.1SmA = 30mA 

Therefore, 

Ie = 0.2 + 2 + 30 = 32.2mA (typical). 

FCT - T Speed Grades 

74 FCT-CT 74FCT-AT 
DEVICE CMOS CMOS 

244 Buffer 4.1ns 4.8ns 

245 XCVR 4.1ns 4.6ns 

373 Latch 4.7ns S.2ns 

374 Register S.2ns 6.Sns 

APPLICATION NOTE AN 54 

Note that the above example shows the dissipation due to the 
device alone. In reality, the capacitive loading on the outputs will 
contribute additional power dissipation and must be taken into 
consideration for determining power supply requirements. This 
topic is discussed in depth in the Application Note entitled 
"POWER DISSIPATION IN CLOCK DRIVERS'. 

Similar calculations can be performed for any device once the 
operating conditions are known. In more complex devices, as well 
as in interface devices used in data and address paths, it is neces­
sary to estimate the "average" frequency of operation to determine 
the total device dissipation under realistic operating conditions. 

AC PERFORMANCE 
Except for the reduced output voltage swing, the AC characteris­

tics of the FCT-Tfamily are the same as those of the FCTfamily in 
terms of operating conditions and limits. Given below in Figure 10 
are the performance figures for four FCT - T logic parts for different 
speed grades. The performance is compared with the popular 
FAST family of bipolar parts. 

74FCT-T 74F 
CMOS BIPOLAR PARAMETER 

6.5ns 6.Sns OtoY 

7.0ns 7.0ns A to B, Bto A 

8.0ns 8.0ns On to an 

10.0ns 10.0ns CLKto an 

Figure 10. FCT -T AC Performance Comparison 

The variety of speed grades offer the system designer a choice in 
optimizing overall system performance. In many cases, the use of 
higher speed logic allows the designer a choice of using lower 
speed memory devices to reduce the overall cost of the system. 

1_2 Vee=S.OV 

RL = soon, CL = SOpF 

1.1 

1.0 

0.9 

tpHL 
0.8 

0.7 

AC Performance Over Temperature Range 
The AC performance of FCT - T family of products over the oper­

ating temperature range is similar to that of the FCT family. A nor­
malized graph of tpLH and tpHL for the FCT244T device is pre­
sented in Figure 11 as an example. 

244 BUFFER 

-55 -35 -15 5 25 45 65 85 105 125 

AMBIENT TEMPERATURE (OC) 

Figure 11. Normalized Switching Characteristics 
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Simultaneous Switching Noise 
One of the primary benefits of FCT - T family of products is the im­

provement in performance with respect to simultaneous switching 
noise, or ground bounce, when compared with any CMOS family 
with rail-to-rail output swing. The combination of a modified TTL 
output stage and reduced output voltage swing results in a signifi-

244 BUFFER 
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cant reduction in the magnitude of both the positive and the nega­
tive components of ground bounce. The relationship between 
ground bounce and tpHL for the FCT244T is shown in Figure 12. 
The graph shows the improvement achieved when compared with 
the FCTfamily overthe same speed range. All measurements are 
at Vee = 5 volts and 25°C ambient temperature. 

3 (DIP PACKAGE) 

Vg 
(volts) 

2 

3 4 

• • +VE GROUND BOUNCE 

C C -VE GROUND BOUNCE 

5 6 

tpHL (ns) 

Figure 12. Ground Bounce vs. Speed 

The reader is referred to the Application Note entitled "SIMUL TA­
NEOUS SWITCHING NOISE" for an in-depth discussion on the 
cause and effects of ground bounce and applications guidelines. 

POWER-OFF DISABLE FEATURE 
Power-off Disable is a condition where the output of a device 

maintains high impedance state during power supply ramping if 
the output enable control pins are conditioned to place the appro­
priate outputs in the high-Z state. This is a desirable feature in 
backplane applications where it is often necessary to perform "hot" 
insertion and disinsertion of printed circuit cards for on-line main­
tenance. It is essential that this activity does not violate data integ­
rity on the backplane. Another application where this feature is 
useful is in systems with multiple redundancy where one or more 
redundant cards may be powered off while still plugged into the 
system. Under these conditions the backplane drivers on these 
cards should offer very low loading on the backplane. 

Most drivers designed for backplane application do not offer this 
feature. For example, CMOS drivers which use a P-channel out­
put transistor in the pull-up circuit have a parasitic diode to the Vee 
rail at each such output. Therefore the output node offers a low im-

pedance to the Vee pin when the output voltage exceeds applied 

7.21 

Vee by a junction diode drop. This feature precludes use of such 
devices in applications which require power-off or power up/down 
disable capability. 

Certain members of the FCT-T family (such as the 646/648T, 
651/652T Bidirectional RegisterITransceivers, FCT52/53T 
bidirectional registers, 620/621 1622/623T backplane transceivers) 
offer the power off/up/down disable capability. When the outputs 
of these devices are conditioned to be in the High Impedance 
state, all3-state outputs will offer high imped2.nce independent of 
power supply voltage (excluding negative Vee with respect to 
GND). The Power Off Disable capability is shown in the DC Char­
acteristics table in the form of a leakage current of 1001lA max. at 
Vee = 0 volts and VOUT = 4.5 volts. 

SUMMARY 
The FCT - T family of logic products is introduced in an effort to 

alleviate some of the simultaneous switching noise problems while 
maintaining compatibility with the industry-standard FCTfamily as 
well as with other TTL-compatible logic families. A variety of 
speed grades and packaging alternatives are offered to help de­
sign an optimum system in terms of speed, cost, performance and 
board space. 
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Integrated Device Technology, Inc. 

SHARED RAM APPLICATION 

128K X 8 Shared RAM 

SHARED RAM AND DRAM LOGIC TECHNICAL 

ADDRESS MULTIPLEXER BULLETIN 

APPLICATION 
IDT49FCT804 

the control of SO which receives its input from an external 
arbiter/decoder (S1 = 0 and DAB = DCB = 1). 

This application illustrates the use of IDT49FCT804 Bus 
Multiplexer in a shared memory application. In this example, 
two processors share a 128Kbyte memory bank. A pair of 
IDT49FCT804 multiplexers are used for address selection. 
The address buses from the two processors are connected to 
A and C ports,respectively. The B port serves as the memory 
address bus. With all Latch Enable and Output Enable signals 
asserted, address from A or C ports is routed to B port under 

Two more IDT49FCT804 multiplexers route data between 
the processor data buses connected to A and C ports and the 
memory data bus connected to the B port. Again, address bus 
selection is under the control of input SO. Inputs DAB and DeB 
provide direction control for READ and WRITE operations. 
The RAM OE signal is asserted during the READ operation. 

An external arbiter/decoder performs arbitration between 
two processor requests and provides chip select and write 
enable signals for the memory array. 

LADDR 

RADDR 

CS, DS & R/W 
CONTROLS 

--
-+ 

MEM 

ARBITERI 
DECODER 

1!!>1990 In1egrated Device Technology. Inc. 

I--

I 
54174FCT804/A 

LADDR_ -r--l-
ADDRESS / 7 

RADDR_ 
/ 

3-PORT 
MUX 

f-

i LlR SEL 

WRITE ENABLE 

CHIP SELECT 

I 

54174FCT804/A 

LDATA _ 
DATA .-

RDATA_ 
3-PORT 

MUX 
-

DIRCONT~ r LlR SEL 

Figure 1. 128K x 8 Shared RAM 
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71256: 32K x 8 SRAM 

A (0:14LI 

712561 l 71256 71256 71256 

"I 

1/0 (0:7) 

A (0:14)1 

712561 l 71256 71256 71256 

"I 

1/0 (8:15) 
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IDT49FCT804 
SHARED RAM AND DRAM ADDRESS MULTIPLEXER APPLICATION 

DRAM ADDRESS MULTIPLEXER 
APPLICATION 

This application illustrates the use of IDT49FCT804 Bus 
Multiplexer for row and column addressing in a large DRAM 
array. In this example, the full 10-bit capability of the Bus 
Multiplexer is used to address a 1 MBit DRAM array. The row 

ROW 

LOGIC TECHNICAL BULLETIN 

address lines are connected to the A port and the column 
address lines are connected to the C port. All address signals 
are latched simultaneously in the A and C port input latches. 
Under the control of path selection input SO (S1 = LOW), the 
row and column addresses are sent sequentially to the DRAM 
array. 

RAM ARRAY 

54174FCT804/A 
/ //'1 

/ .. APORT 
/ 

/10 I 

ADDRESS 
BUS 

LATCH 
ENABLE 

SELECT 

/ 

/20 

~ LEA 

B PORT 

COLUMN 
/ CPORT 

/10 

LEC 

T 

Figure 2. DRAM Address Multiplexer Application 
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,;5 PREVENTING DECODE TB-LOGIC 

GLITCHES 001-A 
IDT74FCT138/139 

Integrated Device Technology, Inc. 

By Suren Kodical 

This bulletin describes the timing considerations for avoiding 
spurious output glitches in FCT138 and 139 decoders. 

When these decoders are used in microprocessor-based 
systems to generate clock or latch enable signals, spurious 
decoding glitches are likely to cause system errors. Even 

E3 
E2 
E1 

though the input signals to the decoders may be clean, 
differences in the propagation delays in the combinatorial 
paths can cause unwanted output transitions under certain 
conditions. This is illustrated below by using an FCT138 
decoder as an example: 

0---- 00 E n --~ 
AD 

A1 

A2 ------1 

2631 drw 03 

Figure 3. Section of Decc;>der 

When the enable lines are asserted, the decoded output 
corresponding to the appropriate weighted binary inputs will 
be LOW. When the enable lines are deasserted, the outputs 
may respond to logic level changes at An inputs if the 

An--~ 

2631 drw 04 

Figure 4. Signal Delays 

propagation delay TA is shorter than delay TE through the 
enable path. This is illustrated in the timing diagram. 

2631 drw 05 

Figure 5. Timing Diagram 

To prevent spurious transitions at the decoder outputs, it is 
necessary to keep the address lines stable for at least TE - TA. 
This is designated in the timing diagram by Th. 

Characterization data on the I OT54/74FCT138 shows that 

Th = 1 ns can be used as a guideline for design. The same 
number also applies to FCT139. Note, however, that this is 
not a testable parameter on automated test equipment. 

:e1990 Inlegraled Device Technology. Inc. 7.22 4/90 
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(;)® PIPELINE TIMING TB-LOGIC 
002-A 

I DT74FCT374/574 
Integrated Device Technology, Inc. 

By Suren Kodical 

When devices such as the FCT374 (Octal Register) are 
used as Pipeline Registers (as shown in Figure 1), two sets of 
AC parameters govern performance boundaries: 

1. tPD (max.) from clock to output + tsu determines the 

DATA 

CP 

Ox 

maximum frequency of operation. 
2. The timing difference between tPD (min.) from clock to 

output and tH from data to clock determines the amount 
of margin for successful pipelining. 

FCT374 

Y 

Ov 

2631 drw 06 

Figure 1. 

In the case of high-speed registers, the maximum frequency 
limit far exceeds most design requirements. Therefore, 
condition #1 described above is generally not an issue. 
However, the high-speed switching and data transfer can 

cause problems if the minimum delay from clock to output 
approaches the positive tH in magnitude. This situation is 
described by means of Figures 2 and 3, below. 

xxxxxXx~ On XXXXXxX,--_On_+ l-----"-X~X~X----"'­
~~~tsu 

DATA 

CP ________________ ~__ ,, _____ ~~ ~ 

Ox __________________________________ >_t~H, r.: _________________________ ~ n-1 ~ n X n+1 

Ov _________________ n_-_2 ________________ -J)xC~ _____________ n_-_1 __________ __J)x(~ ____ n ____ __ 

2631 drw 07 

Figure 2. 

In Figure 2, the propagation delay from CP to Ox exceeds 
the hold time tH for register X. Therefore, for each positive 
transition of the clock, data at the input of register X is 
transferred to output Ox and previous data at Ox is transferred 
to output OYof register Y. The difference between tPD from CP 
to Ox and the hold time tH is the safety margin for successful 
pipelining. 

©1990 Integrated Device Technology. Inc. 7.22 

Figure 3 shows the result of loss of timing margin. In this 
illustration, the clock to output delay of the high-speed register 
X is less than the required hold time for register Y under given 
conditions. As a result, on the positive transition of the clock, 
register Y will transfer new data at the input of the pipeline 
instead of the previous data at Ox. 

4190 
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PIPELINE TIMING TB·LOGIC 002·A 

DATA 

CPx 

Ox 

Ov 

XXXXXXX)cr Dn XXXXXXx"---_Dn_+ 1--,,-X~X---,,-,-X~ 
~~~tsu 

----------------~--- ,,~----~~ 
<tH l r:-------___ 
~ ____________ D __ n ____________ ~)x(~ ____ D_n_+_1 ____ __ 

____________________________________ J)x(~ _____________ D_n ____________ _'X~ _____ D_n_+_1 __ 
2631 drw 08 

Figure 3. 

System designers rely on the published switching 
characteristics for a product to determine the worst·case 
timing margin. Often this can lead to erroneous conclusions. 
This is because both the propagation delay (from clock to 
output) and the hold time (data to clock) generally have a 

positive temperature coefficient. As a result, the rea/timing 
margin may be better than that implied by the data sheet 
parameters. This is illustrated by the specifications for the 
FCT374 shown in Figu re 4 and the actual timing margin based 
on characterization data shown in Figure 5. 

FCT374 FCT374A 

Para. Min. Max. Min. Max. Unit 

tPLH 2.0 10.0 2.0 6.5 ns 
tPHL 
CP to On 
tH 2.0 - 1.5 - ns Dn to CP 

2631 tbl 01 

Figure 4. 

This table shows that the worst·case margin, tPD (min.)· tH, 
is O.5ns forthe FCT374A and Ons forthe FCT374. In reality, 
the margin under worst-case conditions is about 2.5ns based 
on characterization data. The effect of temperature on the two 
parameters is shown in Figure 5. It is clear that the worst-case 

conditionfortPD (min.) is cold temperature, but the worst-case 
condition for tH is hot temperature. Therefore, the actual 
worst-case timing margin is greater than that implied by the 
data sheet limits. 

5 

4 

(j) 
2 

..s 

-55°C 
-1 

·2 

t PLH (CP to 0) 

25°C 

AMBIENT TEMPERATURE 

Figure 5. FCT374A1574A Dala 
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PIPELINE TIMING TB-LOG'C 002-A 

SUMMARY based on data sheet limits give worse numbers than actual 
When using high-speed registers such as lOT's 541 margins. To utilize the performance of such high-speed 

74FCT374/A for pipe lining applications, the margin between registers, the system designer must take the effect of 
tPD (min.) and tH becomes the limiting factor. Calculations temperature on the critical parameters into account. 
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G@ FUNCTIONALITY TS-LOGIC 
013-A 

IDT74FCT833 
Integrated Device Technology, Inc. 

By Kelly Maas 

This Technical Bulletin addresses possible confusion re­
garding the functioning of the ERR output pin on the FCT833. 

The FCT833 is a bidirectional transceiver with parity gen­
erate and check. When in the transmit mode (Port R to Port 
T), a parity tree is used to generate a parity (9th) bit. When in 
the receive mode (Port T to Port R), the same parity tree is 
used to check the parity of the input. The result of this parity 
check can be clocked into the error register using the ClK pin. 
This is shown in the Block Diagram in the IDT54/74FCT833 
data sheet. 

The Error Flag Output Truth Table and the Function Table 
(found in the IOT54/74FCT833 data sheet) show the value of 
ERR only for certain combinations of OER and OET. But the 
output of the parity tree is always registered when the ClK pin 
is strobed. 

This means that if the FCT833 is used both for transmitting 
and receiving data, with a free running clock, the ERR pin 
reflects parity error status only when in the receive mode. To 
ensure that ER R goes low only on a parity error, the clock input 
should be disabled whenever the FCT833 is not in the receive 
mode. 

Shown below is a clarification to the FCT833 Function 
Table. The changes indicate how the ERR output pin func­
tions in the transmit, error check and Hi-Z modes when the 
ClR pin is held high and ClK is strobed. 

When ClR is held high and ClK is held steady (logic high 
or low), ERR will not change. This is true, regardless of the 
mode. Note also that the footnote below the Error Flag Output 
Truth Table should be ignored. 

IDT54/74FCT833 NON-INVERTING REGISTER OPTION 
Inputs 

OET OER ClR ClK RI (I of H's) 

L H H I (Odd) 
I H H I (Even) 
L H H I (Odd) 
L H H I (Even) 

H L H I 
H L H I 
H L H I 
H L H I 

- - L -

H H H I (Odd) 
H H H I (Even) 

L L H I (Odd) 
L L H I (Even) 
L L H I (Odd) 
L L H I (Even) 

©1990 Integrated Device Technology. Inc. 

Outputs 

TI incl Parity (I of H's) RI TI Parity ERR 

H 
L 
H 
L 

(Odd) H 
(Even) L 
(Odd) H 
(Even) l 

H 

H 
L 

L 
H 
L 
H 

7.22 

Function 

Transmit from R 
Port to T Port. 
Parity generate. 

Receive from T 
Port to R Port. 
Parity generate. 

Clear error 
register. 

Hi-Z. 

Forced error 
checking while 
transmitting. 
Parity generate. 

2631 till 02 
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