







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































tp('S373) = Propagation delay, data input to output (MAX, 74S373 Spec.)

tp('S189) = Propagation delay, address input to output (MAX, 745189 Spec.)

tRAV-MAV = Time delay, row address valid to memory address valid {(MAX, 4500A-20 Spec.)
thus tsu(AR) = [{(333/4 + 10) + 36 — 156 — 13 — 35 — 55l ns

= 16 ns row address setup time for the DRAMs.
The row address hold time is guaranteed by the TMS4500A for —12, —15, and —20 speed range devices.
5. Data Valid to Write Enable

Since CAS is initiated by the write enable signal, all write cycles are necessarily early write cycles. Therefore, we will calculate
the setup time for data valid to CAS starting low which is given by:

tsu(D) = tAEL-CEL + td9 — td1 — td8

where tsu(D) = Setup time, write data valid to CAS starting low
tAEL-CEL = Time delay, ALE low to CAS starning low (MIN, 4500A-20 Spec.)
tdg = Delay to WE from reference line (MAX, 99000 Spec. )
td1 : = Delay to ALATCH low from reference line (MAX, 99000 Spec.)
tdg8 = Delay from ALATCH low to valid write data (MAX, 99000 Spec.)

thus tsu{D) = [75 + (333/4 + 18) — (333/4 + 20) — 35] ns
= 38 ns setup time from data valid to CAS starting low.

6. Read Access Time

The maximum access time allowable from CAS to data valid on memory read cycles is given by:

ta(C) = te2 — te2/4 — td1 — tAEL-CEL — tsu2

where ta(C) = Access time from‘m to data valid
tc2 = CLKOUT period
tc2/4 = Delay from CLKOUT falling to reference line (39000 Spec.)
td1 = Delay from reference line to ALATCH low (MAX, 89000 Spetl,.)
tAEL-CEL = Time delay, ALE low to CAS starting low (MAX, 4500A-20 Spec.)
t{CEL) = CAS fall time (MAX, 4500A-20 Spec.)
tsu2 = ‘Data setﬁp time (to CLKOUT falling} (MIN, 99000 Spec.)

thus ta(C) = [333 — 333/4 — (333/4 + 20) + 20) — 200 - 25 — 25] ns

' —103 ns

Now that the six specifications on the design criteria checklist have been examined, the values obtained can be compared
to those required for the TMS4164. This comparison shows that three criteria constrain design and memory selection. These
criteria are RAS precharge, CS valid to ALE starting low, and read access from CAS. The RAS precharge time of 123 ns
means that only —20, —15, or — 12 speed range devices may be used. Next, 3.2 ns of delay must be added to the ALE
signal to ensure that CS is valid 10 ns before ALE starts low. This delay is achieved by inserting a buffer between ALATCH
and ALE. Finally, a negative access time from CAS requires that a wait state must be inserted on each memory access
cycle. By adding one CLKOUT period (set TWST = 1, FSO = FS1 = 0) to the calculated memory access requirement,
the read access cycle time (from CAS) with one wait state inserted is given by:

Muiltiply the specified maximum value by 0.9.
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ta(C) = (=103 + tc2 — tp(BFR)) NS
where tp(BFR) = Buffer propagation delay, input to output of the ALE buffer. (MAX, Spec.)

Using the worst case CAS access time for TMS4164-15 DRAMs (tg(c) = 100 ns), the maximum allowable propagation
delay for the buffer can be determined:

tp(BFR) = (—103 + tg2 + ta(c)) ns
= (—103 + 333 —100) ns
130 ns

This value must be greater than the maximum propagation delay for the ALE buffer.

The specifications for the high-speed version will be evaluated next. In this version, ALE is extended to meet the RAS precharge
requirement for — 15 devices. This also gives sufficient address setup time to use the 74L.56 10 memory mapper. The memory
mapper performs essentially the same function as the bipolar RAM array in the previous example, but incorporates the con-
trol signals that are necessary on-chip. For more information regarding the 74LS610, refer to Tl Application Brief entitled
‘Memaory Mapping Using the SN54/74LS610 Thru SN54/74LS613 Memory Mapper.’’ For the following example, assume
that the TMS99000 has an input CLKIN frequency of 20 MHz (CLKOUT = 5 MHz).

1. Refresh Time

From Table 1 of the TMS4500A data sheet, the strap selection should be FSO = 0, FS1 = TWST = 1. This will yield
a refresh rate of 66 MHz and each refresh cycle will take 4 clock cycles. Also, the TMS4500A will insert one wait state
on each access cycle. As was mentioned earlier, the external logié will insert two wait states on each access cycle with
the assistance of the RDY signal from the TMS4500A.

2. Memory Precharge Time (RAS precharge)

a. Access Cycles
The precharge time on access cycles is given by:

tRP = tc2 + tp('LS04) * tp(’S74) + tAEL-REL” — td7 — tACH-R’EH — t%(REH)
where te2 = 200 ns

fp('LSO4) = Propagation delay, input to output (MIN, 74LS04 Spec.)

tp('S74) = Propagation delay, clock to Q output (MIN, 74S74 Spec.)

thus tRP = (200 + 6 + 4 + 36 — 30 — 40 — 20)ns
- = 156 ns RAS precharge time.

b. Access Grant Cycles

tRP = te2 = tCH-REL" — tCH-RRH — tt(REH)

thus tRP = (200 + 63 — 45 — 20) ns
= 198 ns RAS precharge time.

c. Refresh Cycles

tRP = 1.5ltc2] + tCH-RRL” — td7 — tACH-REH — tt(REH)

thus tRp = [1.5(200) + 54 — 30 — 40 — 20] ns
= 264 ns RAS precharge time.

3. ALE to CLK Relationship

As mentioned previously, a schottky flip-flop and low-power schottky inverter are used to clock ALE so that a minimum
of 10 ns delay is guaranteed from CLK low to ALE low.

Multiply the specified maximum value by 0.9.
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4. Row Address Setup and Hold Times

W

tAV-AEL tc2 + tp(‘LS04) + tp('S74) — tc2/4 — td3 — tAVOV1

thus TAV-AEL = (200 + 6 + 4 — 50 — 15 — 70) ns
= 75 ns setup time from CS to ALE starting low.

Also, tsu(AR) = tc2 + tp('LS04) + tp('S74) + TAEL-REL" — tc2/4 — t43 — tavavi —
tRAV-MAV
thus tsu(AR) = (200 + 6 + 4 + 36 — 50 — 15 — 70 — 50) ns

= 61 ns row address setup time for the DRAMSs.
5. Data Valid to Write Enable
Since data is valid before ALE falls, the data setup time is guaranteed.
6. Read Access Time

Assuming two wait states are generated for each access cycle:

ta(C) = 2[tc2] — tp('LS04)t — tp(‘S74)t — tAEL-CEL — %(CEL) — tsu2

T Maximum values are used for propagation delays tp(‘LS04) and tvp('s74) to
satisfy worst-case design requirements.

thus ta(C) = [2(200) — 15 — 9 — 200 — 20 — 25l ns
= 131 ns read access time from CAS.

The previous calculations indicate that RAS precharge and read access requirements will constrain memory selection.
TMS4164-25 devices will not be able to meet either the RAS precharge time (tw(RH) = 150 ns) or the read access time
(ta(C) = 165 ns). TMS4164-20 devices cannot meet the read access time (ta(C) = 135 ns); however, TMS4164-15 devices
meet all timing requirements.

Now that the 128K word memory using TMS4164s has been analyzed, a brief description of a 64K word memory using
TMS4416s will be given. The major difference between the two memory configurations lies in the addition of a 74LS155
used as a one-of-four selector (see Figure 6). The R/W line from the TMS99000 is used to select whether the upcoming
access is to be a read or write cycle. MSF selects either the left or right bank of memory while MSE selects either the upper
or lower bank. Thus, only one of the four banks of 16K word memories will be accessed on any given memory cycle. Because
ali of the inputs to the 7415155 are set up before the start of each DRAM access (ALE starting low), there are no timing
constraints when using TM84416-20 or TMS4416-15 devices.

Two memory system configurations have been presented showing how the TMS4500A can be configured to work with
the TMS99000 16-bit microprocessor. A memory mapping scheme has been provided that is flexible enough to work with
many microcomputer applications using the TMS99000 without modification. Although both expandability and modularity
have been considered in this design, other memory mapping schemes and processor speeds are possible.

Mos Memory
Applications Engineering

Multiply the specified maximum value by 0.9.

Texas Instruments reserves the right to make changes at any time in order to improve design and to supply the best product possible.

Texas Instruments assumes no y for infrir of patents or rights of others based on Texas Instruments applications assistance or product
specifications, since Tl does not possess full access to data concerning the use or applications of customer’'s products. Tl also assumes no responsibility
for customer product designs.

9-61

H Applications Information



Applications Information n

9-62



Applications Brief <&

TMS4500A/8088 INTERFACE

This application brief presents a circuit configuration which interfaces the 8088 microprocessor to dynamic RAM
memory via the TMS4500A-15 dynamic RAM controller. The memory array is 32K bytes deep and features
the TMS4416 16K X 4 dynamic RAM. The TMS4416 was used for its modularity advantage over X1 DRAMs.

Figure 1 shows the schematic diagram of the circuit while Figure 2 depicts the timing diagram of a write access
followed by a refresh followed by a read access grant memory cycle. The 8088 and TMS4500A both operate
at 5 MHz requiring no wait states on normal memory accesses. The TMS4500A clock is shifted by one 15 MHz
clock cycle via a 74574 to ensure the proper ALE low to CLK low relationship to the TMS4500A. In order to
cover the important TMS4500A interface requirements, the six-point design criteria will be used as presented
in the “TMS4500A Dynamic RAM Controller Users Manual.”’

1. Refresh Time

The TMS4500A is configured for maximum division of the clock without inserting wait states by strapping TWST,
FS1, and FSO as follows: TWST = 0, FS1 = 1 and FSO = 1.

This strap configuration divides the clock by 61 to yield a refresh rate of 3.123 ms (see TMS4500A Spec.).
2. Memory Precharge time

The memory precharge time must be calculated for consecutive access, refresh, and access grant cycles to
ensure that the minimum RAS precharge time is satisfied.

a. Access Cycles

The precharge time for access cycles is given by:

ltRp = TCLCL + TELCH — TCLRH — tACH-REH — tt(REH) + TCHLL

+ tAEL-REL '
where tRP = RAS precharge time '

ToLeL = CLK cycle period

TCLCH = CLK low time (2/3 TCLCL — 15, B284A Spec.)

TCLRH = RD inactive delay (MAX 8088 Spec.)

tAEH-REH = Time delay, ALE high to RAS starting high (MAX TMS4500A-15
Spec.) '

J
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tt(REH) = RAS rise time {(MAX TMS4500A-15 Spec.)

TCHLL = ALE inactive delay (MAX 8088 Spec.)
tAEL-REL = Time gelay, ALE low to RAS starting low (MAX TMS4500A-15
Spec.”)
thus, tRP = (200 + 118 — 150 — 30 - 15 + 85 + 27) ns
= 235 ns

*This value should otherwise be a minimum value; however, as all propagation delays on a given chip will tend
to track each other, the maximum value is multiplied by a skew factor to reflect variations in same chip pro-
pagation delays. The skew factor for the TMS4500A is 0.9. All values follow by an asterisk are obtained by
multiplying the specified maximum value by 0.9.

RDY
x1 D a
15MHz [ 8284A 74574
X2 osc -
READY CLK
1504
5100
— — 4
READY CLK CLK RDY RASO AAS Dpai
. ALE s ALE CAS cAy ba4 4
MN/MX ADO-AD7 + RAO-RA7 MAD A0-A7 b 04'
AB-A13 By calcas  MA?7 T TMsass
A17 — . w TMS4416
_| Jus3z cs
10/M |
A6 RENI .
RO ACR RAS1 RAS  DQ1.|
WR ACW ' CTAS DQ4 a
8088 TMS 4500A A0-A7 pas-
- pas 1
G
= TMS4416
w . TMS4416
8
ya
£

FIGURE 1 — TMS4500A/8088 INTERFACE SCHEMATIC
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b.  Refresh Cycles

On refresh cycles the minimum precharge time occurs when ACR or ACW go high 20 ns before TMS4500A
CLK low. If this occurs, refresh RAS will go low on the subsequent rising edge of the TMS4500A CLK.

The minimum precharge time for refresh cycles is.given by:

tRP = TCLCH + tACH-CL — tACH-REH — t(REH) + tCH-RRL"
where tACH-CL Time delay ACX high to CLK low (MIN TMS4500A-15 Spec.)

tACH-REH = Time delay, ACX to RAS starting high (MAX TMS4500A-15
Spec.)
tCH-RRL = Time delay, CLK high'till refresh RAS starting low (MAX
TMS4500A-15 Spec. )
thus, tRP = (118 + 20 — 30 — 15 + 45) ns

= 138 ns
c.  Access Grant Cycles
The precharge time for access grant cycles is given by:

tRP = TCLCL ~ tCH-RRH — t(REH) + tCH-REL

where tCH-RRH = Time delay, CLK high to refresh RAS starting high (MAX
TMS4500A-15 Spec.)

tCH-REL = Time delay, CLK high to access RAS starting low (MAX
TMS4500A-15 Spec.”)
thus, tRP = (200 — 35 - 15 + 54) ns

= 204 ns
3. ALE to CLK Relationship

The ALE low transition must not occur within 10 ns of the TMS4500A CLK low transition. This is guaranteed
by the phase shift between the 8088 and TMS4500A clocks.

ALE low to CLK low time is given by:

tAEL-CL = 2{tosc! - toLcH — TCHLL + tp04 + tp74
where t0SC = 0OSC cycle period (8284A Spec.)

tOLCH = ‘0SC low to CLK high (MAX 8284A Spec.)

tpo4 = Propagation delay, MSI gate (MIN 74LS04 Spec.)

tp74 = Propagation delay, MSI gate (MIN 74574 Spec.)
thus tAEL-CL = [2(66) — 22 - 85 + 5 + 4] ns

= 34 ns
4. Row Address Setup and Hold Time

The setup time to the TMS4500A is given by:

tAV-AEL

where  tAV-AEL = Time delay, address, REN1, CS valid to ALE low (MIN
TMS4500A-15 Spec.)

TAVAL - tp32
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TAVAL = Address valid to ALE low (TCLCH - 60, MIN 8088 Spec.)

tp32 = Propagation delay, SSI gate, allowing for delay to TS
(MAX 74LS32 Spec.)
thus, tAV-AEL = (118 — 60 — 22ins
= 36 ns

The row address setup time to the DRAMs is given by:

tASR = TAVAL — tRAV-MAV + tAEL-REL”
where tRAV-MAV = Time delay, row address valid to memory address valid (MAX
TMS4500A-15 Spec.)
thus, tASR’ = (118 — 60 — 40 + 27) ns

= 45 ns
5. Data Valid to Write Enable
All writes to memory are early writes, which allows data to be set up to CAS instead of W. The 8088 specifies
that the data is valid a minimum of O ns to WR low. This gives a data setup time equal to tACL-CEL (50 ns
MIN) for this circuit.
6. Read Access time from CAS

The required access time for both access and access grant memory cycles must be calculated.

The read access time from CAS on normal access cycles is given by:

tCAC = 2(TCLCL) — TCLRL — tACL-CEL — tt(CEL) — TDVCL
where tCAC = Access time from CAS
TCLRL = RD active delay (MAX 8088 Spec.) ‘
tACL-CEL = Time delay, ACX low to CAS starting low (MAX TMS4500A-15
Spec.)
tt(CEL) = ‘CAS fall time (MAX TMS4500A-15 Spec.)
TDVCL = Data valid delay (MIN 8088 Spec.)
thus  tCAC = [2(200) — 165 — 90 — 15 — 30} ns

= 100 ns

The'read access time on access grant cycles is given by:

‘fCAC = 2(TCLCL) + TCHCL - tCH-CEL — tt(CEL) — TDVCL
where TCHCL = CLK high time (1/3 TCLCL + 2, MIN 8284A Spec.)
tCH-CEL = Time delay, CLK high to access CAS starting low (MAX
TMS4500A-15 Spec.)
thus, tCAC = [2(200) + 68 — 140 — 15 — 30}l ns
| = 283 ns

The calculations of the design criteria for the TMS4500A interface have been completed. An inspection of the
design criteria reveals that tcAC on normal accesses constrains the choice of memories to TMS4416-15 (tCAC
= 80 ns). Slower memories can be used by decreasing the 8088 clock speed. For TMS4416-20 devices, the
maximum CLK frequency as constrained by CAS access time is given by:
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fcLk = [1/2 (tcac + TCLRL + tACL-CEL + tt(CEL) + TDVCLI -1 X

109
where foLK = Maximum 8088 clock frequency
tCAC = CAS access time (MIN TMS4416-20 Spec.)
thus, fcLk = [1/2 (120 + 165 + 90 + 15 + 30)l ns

. = 4.762 MHz

A circuit configuration to interface dynamic memories to the 8088 microprocessor utilizing the TMS4500A
dynamic RAM controller has been presented. The circuit design featured a 5 MHz 8088 interfaced to a
TMS4500A-15 operating with no wait states. The memory array was implemented with TMS4416 dynamic
RAMs for increased modularity.

MOS Memory
Applications Engineering
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Applications Brief

TMS4500A/MC68000 INTERFACE \

This application note provides several circuit configurations interfacing three speed ranges
of the MC68000 microprocessor to dynamic RAM memory via the TMS4500A-15 dynamic
RAM controller. The MC68000L6 operates with no wait states while the MC68000L8 and
MC68000L 10 operate with one wait on normal memory access cycles. The memory array
is organized as 32K words featuring the TMS4416 16K x 4 dynamic RAM arranged as two
rows of 16K x 16 bits with each row partitioned into 16K bytes of upper and 16K bytes
lower memory. The TMS4416 was used for its modularity advantage over X1 DRAMs and
upgradability to future 64K x 4 devices.

Two approaches for controlling access to the upper and lower bytes of memory are givén.
The first approach (Figure 1A) controls access to upper and lower memory by gating CAS
with UDS and LDS providing an early write condition. Early write occurs when the W signal
to the DRAM goes low prior to CAS low. Under this condition the data input to the DRAM
is required to be set up prior to CAS instead of prior to W, and the output buffers are dis-
abled allowing the use of common I/O. This can be achieved on the TMS4164 by tying D
and Q together; the TMS4416 is a common |/O device. The second approach (Figure 2A)
controls access to upper and lower memory by gating R/W with UDS and TDS providing
a late write condition (CAS low prior to W low). There are definite advantages and disad-
vantages to each of the implementations. From a system standpoint the gated CAS requires
a smaller number of gates than the gated R/W version but would degrademaccess time
with the extra SSI| gate (74LS32) delay. Another system criteria would be the choice of
memory used with each implementation. For the gated CAS approach both TMS4416s and
TMS4164s could be used with common I/0 reducing layout signal routing complexity. The
gated R/W implementation restricts the use of common I/O when using TMS4164s due to
late write operation. In the late write cycle the Q outputs will go to an active state causing
contention between the processor and the memory for the data bus. To use TMS4164s within
the gated R/W system requires that the Q outputs be externally buffered to allow a bi-
directional data bus which adds extra circuitry for the buffers. The timing diagrams for Figures
1A and 2A are given in Figure 1B and 2B, respectively.

Both methods of upper and lower byte control allow the use of read-modify-write (TAS in-
struction) cycles but the operational response of the DRAMs is s“lightly different. A read-
modify-write is performed by first reading the data from a memory location then writing data
back to that location in the same memory cycle. The TAS instr3ction (Test and Set an
Operand) tests a byte operand and sets the negative and zero fIag\; accordingly; the high
order bit of the operand is set. This provides a means of synchronization in multiple
processor eniironments. Figure 3 shows the read-modify-write timirggs for the gated CAS
and gated R/W implementations. The two methods for controlling memory access have the
advantages and disadvantages mentioned above plus another difference on read-modify-

write cycles. The gated CAS approach actually does a page mode read then a page mode

\write (two CAS cycles for a single RAS cycle) to the same memory location while the gated

J
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RIW approach does a normal read-modify-write to the DRAM. The choice of these methods would
probably be determined by other factors in the system design; particularly the size of the memory
array since the TMS4416 example would require less logic to implement but lends itself better to
smaller memory designs.

The DTACK signal is derived by ANDing UDS, LDS, and R/W together, clocking RDY with a flip-flop
and then ORing the two results. On normal accesses the RDY signal is high allowing either the uDs,
LDS, or R/W signal to force DTACK low. On access grant cycles the low RDY signal holds DTACK
high one clock period after the refresh cycle is complete. UDS, LDS and R/W are ANDed together
so that on read cycles UDS and/or LDS force DTACK low and on write cycles R/W forces DTACK
low. This gating is necessary because UDS and -LT)—S_go low too late in the write cycle to provide suffi-
cient DTACK setup time. It also provides the two DTACK pulses for read-modify-write cycles. For
the MC68000L8/L10 design DTACK is delayed with a flip-flop to provide one wait state.

6 MHz _
CLK 1 . |
—__CLK — 4
ok +5V—]ACW  RASO Ras DO
AS }— —9 ALE A0-A7
MC68000L6 — [—-ACR w
A1-A8 rs RAO-RA7 —1CAs
A9-A14 - CA1-CA6 G
A15 cao* "’(';4:16
+ MAO-
A16 carr A 5
A17 REN1 TMS4416 1-
A18 Cs TAS Q4
UDs TMS4500A G
tbs — rROY Tngit‘us
pop1s "W Tas "ASt G
B TMS4416
DTACK
RAs Dai-| %
ao.a7 D04
w DQ1-
CAS DQ4
G
[ TMS4416 DQ1-
b ) T l ) - CAS DQ4
74LS11 740592 § imsasts
) CAs
S tmsaats
+sv—{p SR %Ag
cK . TMS4416
)
74L574
16
16,

*See text.

FIGURE 1A — TMS4500A/MC68000L6 INTERFACE SCHEMATIC (GATED CAS)

9-70°



CLK
ALE,ACR
UDS,LDS

R/W
RAS
CAS (4500A)

CAS (DRAM)

' P——wnms———-r— REFRESH ——'-—

I U A

ACCESS GRANT
(READ)

—

—

[

REFREQ

RDY

— T
%_3“‘—”——'

_/

\ /

-/

DTACK

T/

FIGURE 1B — TIMING DIAGRAM (GATED CAS)

:

n Applications Information

9-71




[AA ]

uonewuojuj suonesddy

6 MHz
CLK 1 —1
CLK ’ ___CLK — _ 4
. +5V—|{ACW  RASO RAS ggl
AS ® ALE CAS
MC68000L6 8 ) ACR A0-A7
A1-A8 6,' RAO-RA7 G
A9-A14 A CA1-CA6 W vsaats
A15 REN1 =
== MAO-
A16 cs MA7 S w
A17 CAO* TMS4416
A18 CA7* — =
— CAS 2
UDS TMS4500A W msaate
LDS RDY — =
10 — — G
S R/W r RAS1 W
g STACK TMS4416
) D
| — w oarl
741504 ) TAS
AO-A7
E
= -
—L/ W Imsaa1e
G
W
TMS4416
o) 74LS32 G DQ4 |
5 v b CLR s
* TMS4416
= CK —
a G
74LS74 W
_I W' Imsaate

*See text.

FIGURE 2A — TMS4500A/MCB8000L6 INTERFACE SCHEMATIC {GATED R/Wj}
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To cover the important aspects of the MC68000/TMS4500A interface, detailed calculations of the
design criteria for the MC68000L6 and MC68000L10 will be given with only a short summary of
the MC68000L8 design criteria. The results will then be compared with the TMS4416 and TMS4164
DRAM timing requirements to provide proper memory speed selections. Finally the designs will be
weighed against each other to point out the strengths and weaknesses as related to system

uojjewoyu] suonieoddy

m performance.
The six-point criteria will be used as presented in the “TMS4500A Dynamic RAM Controller Users
Manual’’ in the following calculations.

MC68000L6 Design Calculations
1. Refresh interval

The TMS4500A is configured for maximum division of the clock without inserting wait states by strap- .
ping TWST, FS1, and FSO as follows.

TWST = 0, FS1 = 1, FSO = 1
This strap configuration divides the clock by 61 to yeild a refresh interval of 2.60 ms (see 4500A Spec.).
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2. Memory precharge time

The memory precharge time must be calculated for consecutive access, refresh, and access grant
cycles to ensure that the minimum RAS precharge time is satisfied.

a. Access cycles
The precharge time for access cycles is given by:
tRP = tSH — tAEH-REH — tt(REH) + tAEL-REL*

where tgp = RAS > precharge time
tSH = AS,DS width high (MIN MC68000L6 Spec.)
tAEH-REH = Time delay, ALE high to RAS starting high (MAX 4500A-15 Spec.)
tAEL-REL* = Time delay, ALE low to RAS starting low (MAX 4500A-15 Spec.)

thus, tRp = (180 — 25 — 15 + 27) ns
" =167 ns

b. Refresh cycles
The minimum precharge time for refresh cycles is given by:

tRP = 1.5(T) — tCLSH — tAEH-REH — tt(REH) + tCH-RRL*
where T = Clock cycle time

tCLSH = Clock low to AS, DS high (MAX MC68000L6 Spec.)
tCH-RRL* = Time delay, CLK high to refresh RAS starting low (MAX 4500A-15 Spec.*)

thus, trp = [1.5(166) — 75 — 25 — 15 + 45l ns
= 179 ns

c. Access grant cycles
The precharge time for access grant cycles is given by:
tRP = T — tCH-RRH — tt(REH) + tCH-REL*
where tCH-RRH = Time delay, CLK high to refresh RAS. starting high (MAX 4500A-15 Spec.)
tCH-REL* = Time delay, CLK high to access RAS starting low (MAX 4500A-15 Spec. *)
thus, tRrp = (166 — 35 — 15 + 54) ns
= 170 ns

3. ALE to CLK relationship

H Applications Information

The ALE low transition must not occur within 10 ns of the CLK low transition.
ALE low to CLK low time is given by:

tAEL-CL = .B{T) — tCHSLx
where tCHSLx = Clock high to AS, DS low (MAX, MC68000L6 Spec.)

thus  tAEL-CL = [.5(166) — 65] ns
= 18 ns

* This value should otherwise be a minimum; however as all propagation delays on a given chip will tend to track each other, the maximum value is multiplied

by a skew factor to reflect variations in same chip propagation delays. The skew factor for the TMS4500A is 0.9. All values followed by an asterisk are
obtained by multiplying the specified maximum value by 0.9.
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4. Row address setup and hold time

:Ile row address setup time to the TMS4500A is guaranfeed by the MC68000L6 address valid to
AS low timing (tAvSL).

tAV-AEL = tAVSL = 35 ns (MIN, MC68000L6 Spec.)
The row address setup time to the DRAMs is given by:

tASR = tAVSL — tRAV-MAV + tAEL-REL"

where tRAV-MAV = Time delay, row address valid to memory address valid (MAX 4500A-15
Spec.)

(35 — 40 + 27) ns
22 ns

The row address hold time to the DRAMs is guaranteed by the TMS4500A to meet — 20 or faster
speed devices.

thus, tASR

5. Data valid to write enable

_In both circuit configurations, data valid to write low is guaranteed by the MC68000L6. For the cir-

cuit in Figure 1A this is accomplished by gating CAwth UDS and LDS to give an early write condi-
tion. For the circuit in Figure 2A R/W is gated with UDS and LDS to give a late write condition. Data
valid to write enable for both circuits is given by:

)

tDS = tpOSL + tp32

where tpg = Data setup time _
tposL = Data out valid to DS low (MIN, MC68000L6 Spec.)
tp32 = Propagation delay (MIN, 74LS32 Spec.)

Thcs tpgs = (356 + 8) ns
= 43 ns

‘6. Read access time from CAS

The required access time for both access and access grant memory cycles must be calculated

The read access time from CAS on normal access cycles for the gated R/W configuration (Figure 2A)
is given by: .

tCAC = 2.5(T) — tCHSLx — tAEL-CEL — tt(CEL) - tDICL

where tCAC = Access time from CAS
' tAEL-CEL = Time delay, ALE low to CAS starting low (MAX 4500A-15 Spec.)
tt(CEL) = CAS fall time (MAX 4500A-15 Spegc.)
tpiCL = Data in to clock low (MIN, MC68000|.\§ Spec.)
n

thus, tcAC = [2.5(166) — 65 — 150 — 15 — 25]
160 ns

1]

The read access time on access grant cycles for the gated R/Wconfiguration (Figure 2A) is given by:

tCAC = 2.5(T) — tCH-CEL — t%(CEL) — tDICL
where tCH-CEL = Time delay, CLK high to access CAS starting low {MAX 4500A-15 Spec.)
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thus tcAC = [2.5(166) — 140 - 15 — 251 ns

235 ns

For the gated CAS configuration one SSI gate (74L.S32) delay must be subtracted frbm the above values.

MC68000L10 Design Calculations

The MC68000L8/L10 design requires extra hardware to meet the TMS4500A ALE to CLK low
timings {tCL-AEL, tAEL-CL) and DRAM CAS access time {tcAC). This is accomplished by providing
two clocks (CLK, ¢) which are approximately 90° out of phase with each other (See Figure 4B). The
¢ clock controls the low going edges of ALE and DTACK to ensure proper timing for both the TMS4500A
and DRAM. The two flip-flops driving CLK ¢ in Figure 4A should be contained within the same package
to minimize the skewing between the two outputs. A 74AS832 is used to derive ALE because of
its necessary speed advantage over a 74S532. If the two flip-flops are not contained in the same package
and a 74AS832 is not used then the MC6800OL10 could not meet the RAS precharge and CAS
access times of the TMS4164 or TMS4416. This restriction is not necessary for MC68000L8 operation.

The TMS4500A is strapped for zero wait state operation, with the processor wait state being provid-
ed by externally delaying DTACK. If necessary two processor wait states may be inserted by strap-
ping the TMS4500A for 1 wait state operation.

745741
16-20 ~fc @
MHz ) cK
CLK a
745741 N
b o
k> CK
CLK CLK -
+5 v—{ ACW
—_ I — i )-t:] ALE
AS +—D Q
ck | 74Ass3z —]ACR
MC68000L8- - J
MC68000L10 [} TMS4500A-15|
A1-A8 L 74574 RAO-RA7
ag-a1al—S. CA1.CAB
A15 CAQ*
A16 CA7*
A7 REN1
A18 cs
UosS |
ws[ )+
RW cK ] )
DTACK 741574 RDY
+5 V: [)
CK
*See text. 741574| CLR Q}—
tDevices are contained in the same package. t

- FIGURE 4A - TMS4500A/MC68000L8-MC68000L10 INTERFACE SCHEMATIC
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RDY

-/

DTACK

The following

FIGURE 4B — TMS4500A/MC68000L8-MC68000L10 TIMING DIAGRAM

calculations reflect gated R/W operation.

1. Refresh time

Refresh interval = 1.56 ms
TWST =0,FS1 =1, FSO = 1

2. Memory precharge time

a. ‘Access cycles

tRP = 2(T) +
Where tp =

tpg32 =
P74 =

D
and tc =

tPo4 =

tg =
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tD — tCLSH — tP832 — tAEH-REH — t%REH + tP74 + tAEL-REL”

Delay between CLK and ¢
Propagation delay (MAX 74S832 Spec.)
Propagation delay (MIN 74S74 Spec.)

1/2(tc) + tpog — ts

20 MHz clock cycle time
Propagation delay (MIN 74S04 Spec.)
Skew between CLK and ¢



thus, tp = [1/2(50) + 2 — 1]l ns
= 26 ns

[2(100) + 26 — 50 - 56 ~ 256 — 156 + 4 + 271 ns
162 ns -

tRP

b. Refresh cycles

tRP
tRP

1.6(T) — tCLSH — tP832 — tAEH-REH — ttREH + tCH-RRL*

{1.5(100) — 50 — 56 — 256 — 15 + 45] ns
100 ns

Il

c. Access grant cycles

]

T — tCH-RRH — ttREH + tCH-REL*
(100 — 35 - 15 + 54) ns
104 ns :

tRP
tRP

]

3. ALE to CLK relationship

ALE low is triggered by the rising edge ¢ after AS goes low, which exceeds the minimum 10 ns
specification. ‘

4. Row address setup and hold time
The row address setup time to the TMS4500A is given by
tAV-AEL = T - tCLAV + tD + tP74 + tPmin832

where tcLAV = Clock low to address valid (MAX MC68000L10 Spec.)
tPmin832 = Propagation delay (MIN 74AS832 Spec.) ’

thus  tAV-AEL = (100 — 55 + 26 + 4 + 1) ns

76 ns

Il

The row address setup time to the DRAM is given by:

tASR = T ~ tCLAV + tD + tP74 + tPmin832 — tRAV-MAV + tAEL-REL”
thus  tpASR = (100 — 55 + 26 + 4 + 1 — 40 + 27)ns

= 63 ns
5. Data valid to write enable

I[\e data valid to write enable is dependent upon the tpQsL timing of the MC68000 when CAS or
W to the DRAMs is controlled as shown in Figure 1A or Figure 1B.

tDS = tDOSL + tpP32

thus tpg = (20 + 8) ns
28 ns

]

6. Read access time from CAS
The read access time from CAS on normal access cycles for the gated R/W configuration is given by:

tCAC = 3.5 (T) — 1/2(T) - tD - tP74 — tP832 — tAEL-CEL — t(CEL) — tDICL

tcAac = [3.5(100) - 1/2(100) — 26 — 9 - 5 — 160 — 15 — 161 ns
80 ns

]
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The read access time on access grant cycles for the gated R/W_configuration is given by:

2.5(T) — tCH-CEL — tt(CEL) — tDICL

2.5(100) — 140 — 15 — 15) ns
= 80 ns

MC68000L8 Design Calculations Results

tCAC
tCAC

The results for-the calculations of the design criteria for the MC6800O0LS are given in Table 1.

-

TABLE 1 — MC68000LS DESIGN CRITERIA SUMMARY

DESIGN CRITERIA MC68000L8

1. Refresh interval 1.95 ms
2. Memory precharge time .

a. Access cycles (tRp) 203 ns

b. Refresh cycles (tRp) 122 ns

c. Access grant cycles (tRp) 129 ns )
3. ALE to CLK relationship Guaranteed by clocking AS low on the rising edge of ¢
4, Row address setup and hold times

a. To the TMS4500A (taV-AEL) 93 ns

b. To the DRAMs (tASR) 79 ns
5. Data valid to write enable (tpg) 38 ns
6. Read access time from CAS

a. Access cycles (tCAC) 149 ns

b. Access grant cycles (tCAC) 142 ns

The proper choice of memory can be selected from Table 2 for each design. For the MC68000L6
and MC68000L8 designs there are no memory speed restrictions. However, the MC68000L10 design
is restricted to only TMS4416-15 and TMS4164-12 devices; the limiting parameters being RAS
precharge (tgrp) and CAS access time (tCAC). To meet slower memory requirements the MC6800L10
clock frequency would have to be reduced. The maximum clock frequency for a desired memory speed
can be determined by substituting in the necessary DRAM timing parameters and solving for the in-
put clock period (T) in the design criteria for memory precharge time and read access time.

TABLE 2 — MEMORY SELECTION

cLocK MEMORY DEVICES
MICROPROCESSOR FREQUENCY TMS4416 TMS4164
-15 -20 -12 -15 -20
MC68000L6 6 MHz v P P P v
MC68000L8 8 MHz v v v v v
MC68000L8 (Hybrid) 7.46 MHz P v v v
MC68000L10 10 MHz v v

Meeting DRAM timing requirements is only a small part of microprocessor system design. The ultimate
goal is to achieve maximum performance with minimum hardware. Of the three designs the MC68000L6
interface requires the least amount of hardware while the MC68000L 10 interface has the fastest pro-
cessor/memory cycle time. To capitalize on the best of both designs a compromise can be made by
substituting a MC68000L8 into the MC68000L6 design and operating at less than' 8MHz without
wait states. Operating under these conditions it can be shown that the processor/memory cycle time
approaches that of the MC68000L10 design with a minimum hardware interface (see Table 3).
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TABLE 3 — MICROPROCESSOR TO MEMORY CYCLE TIME*

CLOCK NUMBER OF WAIT
MICROPROCESSOR FREQUENCY PERIOD CYCLE TIME (tc) STATES INSERTED (N)
MC68000L6 6 MHz 166 ns 664 ns 0
MC68000L8 8 MHz 125 ns 625 ns 1
MC68000L8 (Hybrid) 7.46 MHz 134 ns 536 ns 0
MC68000L10 10 MHz 100 ns 500 ns 1

*to = 4(T) + N(T)
where T = microprocessor clock period
N = number of wait states inserted.

To determine the maximum speed that the MC68000L8 can operate without wait states it is necessary
to recalculate the design criteria using the MC68000L6 equations with MC68000L8 timing parameters
(results in Table 4). From these values the restricting parameter will be the ALE to CLK low timing
{minimum 10 ns) requirement necessary for proper TMS4500A operation. Setting tCL-AEL equal to
12 ns (12 ns allows for 20% margin) and solving for T, yields a clock period of 134 ns (7.46 MHz)
The design criteria for 7.46 MHz operation is also shown in Table 4. This ‘’Hybrid’’ circuit meets
TMS4416-15,-20 and TMS4164-12,-15 timing requirements and has a processor/memory cycle time
approaching that of the MC68000L10 design. This illustration shows the advantage of operating
without wait states when accessing DRAM, but does not directly reflect system throughput
enhancement.

System throughput calculations require a much more detailed analysis taking into consideration the
systems application, use of other types of memory (EPROM, PROM, ROM, and Statics), memory size
and configuration, software, etc. It is beyond the scope of this application note to cover all of these
variables in detail, although a brief overview can be given.

TABLE 4 — MC68000L8 (HYBRID) DESIGN CRITERIA SUMMARY *

MICROPROCESSOR
DESIGN CRITERIA MC68000L8 @ 6 MHz MC68000L8 @ 7.46 MHz

1. Refresh interval 1.95 ms ) ' 2.09 ms
2. Memory precharge time

a. Access cycles (tRp) 167 ns 146 ns

b. Refresh cycles (tRp) 189 ns 141 ns

c. Access grant cycles (tRp) 170 ns 138 ns
3. ALE to CLK relationship 28 ns 12 ns
4. Row address setup and hold times

a. To the TMS4500A (tav-AEL) Guaranteed by tavSL Guaranteed by tavVSL

b. To the DRAM (tASR) 17 ns 17 ns
5. Data valid to write enable (tps) 38 ns 38 ns
6. Read access time from CAS

a. Access cycles (tCcaC) 180 ns 100 ns

b. Access grant cycles (tCAC) 245 ns 165 ns

*Results reflect gated R/W operation.

All of the interface examples given in this application note used a tightly coupled processor/memory
interface to maximize DRAM performance. The calculations and comparisons for the *‘Hybrid’’ cir-
cuit only reflect that the processor is executing strictly out of DRAM which is not always the case
in many systems. As microprocessor speeds and memory size increase, the benefits of the tightly
coupled memory array give way to asynchronous main memory configurations and cache memory
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implementations in order to relieve the processor of wait states when accessing memory. Applica-
tions Notes SR-1, “’An Introduction To Cache Memory Systems And The TMS2150’’, and DRC-1,
"“The TMS4500A In An Asynchronous Bus System’’, address the concepts of cache and asynchronous
memory architecture in more detail than given here.

The percentage of time a microprocessor uses for internal operations as opposed to memory accesses
is also a factor in determining system throughput when wait states are used. The greater the percen-
tage of time that a microprocessor spends accessing memory with wait states, the greater the
throughput degradation. Thus, for systems whose software requires extensive internal processor opera-
tions and few memory operations it may be more desirable to operate with wait states as opposed
to the ‘’Hybrid’’ approach. Table 5 gives an example of a few MCB8000 instructions and their effect
on throughput. The actual average instruction time will be dependent upon the instruction stream
being executed, but this example will indicate how wait states affect the processor performance. The
multiply and divide instructions which require a large percentage of internal operations make apparent
the advantage of higher speed processors when doing extensive numeric processing; however if the
memory intensive instructions predominate, the system running without wait states will execute faster
even at slower clock frequencies. Systems which execute program mainly out of EPROM, PROM,
ROM and Static memory and only use. DRAM for data storage may also benefit from the use of the
high speed processors. Each of the four designs has its own niche which is based on the necessary
system application. Designs that require maximum memory performance and minimum component
count may find the Hybrid interface more suitable, while systems requiring maximum processor per-
formance would utilize the MC68000L8/L10 design.

TABLE 5 — AVERAGE INSTRUCTION CYCLE TIME

A. CLOCK CYCLES AND MEMORY CYCLES PER INSTRUCTION

INSTRUCTION CLOCK CYCLES MEMORY CYCLES.
PER INSTRUCTION TOTAL PER INSTRUCTION TOTAL

“MOV AN@ + 8 2

MOV AN@ - 10 2

ADD AN@ + 12 2

ADD AN@ — 14 2

CMPI AN@ + 12 3

CMPI AN@ — 14 3

BRA 10 2

JMP AN@ 8 2
- JMP AN@!(d) : 10 98 2 20

MULS 70 168 1 21

B. AVERAGE CLOCK CYCLES/INSTRUCTION AND AVERAGE MEMORY CYCLES/INSTRUCTION

AVERAGE CLOCK CYCLES/ AVERAGE MEMORY CYCLES/
NUMBER OF INSTRUCTIONS INSTRUCTION INSTRUCTION
First nine instructions 10.8 2.2
{excluding MULS) :
Ten instructions 16.8 2.1
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C. AVERAGE INSTRUCTION CYCLE TIME*

' AVERAGE INSTRUCTION CYCLE TIME
MICROPROCESSOR FIRST NINE INSTRUCTIONS TEN INSTRUGTIONS
MC68000L6 (@ 6 MHz, 0 WST) 1.800 us 2.8 us
MC68000L8 (@ 8 MHz, 1 WS) 1.625 ps 2.362 s
MC68000L8 (Hybrid) »
(@ 7.46 MHz, 0 WS) 1:340 ps : 2.252 ps
MC68000L10 (@ 10 MHz, 1 WS) 1.300 ps 1.890 ps

* Average Instruction time = processor clock cycle time X {average clock cycles/instruction + (average memory cycles/instruction X N wait states)]
WS = wait state.

D. RELATIVE PERFORMANCE

RELATIVE PERFORMANCE
MICRQPROCESSOR FIRST NINE INSTRUCTIONS TEN INSTRUCTIONS
MC68000L6 (@ 6 Mz, 0 WS) 1.0 1.0
MC68000LE (@ 8 MHz, 1 WS) 1.1 1.15
MC68000L8 (Hybrid)
(@ 7.46 MHz, 0 WS) 1.28 119
MC68000L10 (@ 10 MHz, 1 WS) 1.27 1.32

As was mentioned earlier in the text, the designs have taken future -memory upgradability into ac-
count. When 64K x 4 devices become available they will be pin compatible with the 16K x 4 allowing
easy memory expansion. The TMS4416 only requires 14 address lines to address its entire memory
array (8 rows, 6 columns) thus leaving two unused address inputs to the TMS4500A (CAO, CA7).
The TMS4416 uses inputs A1-AB for its 6 column addresses, disregarding AO, A7 (see TMS4416
spec.). These two unused inputs to the TMS4500A will be needed to complete the address space
for the 64K x4 devices (8 row, 8 column). In Figures 1A and 2A, 14 consecutive address lines are
used to address the TMS4416s which provides a linear address space. For 64K x 4 expansion, A15
- and A16 of the MC68000 will be connected to CAO and CA7 of the TMS4500A respectively. This

configuration does not provide a linear address range for the 64K x4 upgrade but, this would be
transparent to the microprocessor and not effect system performance.

For the circuits presented the memory upgrade would expand the memory size from 64K bytes to
256K bytes by simply changing devices. If the memory array of TMS4416s was expanded to take
full advantage of the TMS4500As drive capability {32 devices), it would provide 256K bytes of memory.
This could then be upgraded to a megabyte of memory by substituting the 64K X 4 devices. Applica-
tions Note SMAAQO1 “TMS4416/TMS4500A Evaluation Board’' provides in detail the techniques
and advantages of designing for future memory upgradability.

This completes the TMS4500A/MC68000 design requirements. Four MC68000 interfaces were given

with two configurations for controlling accesses to upper and lower memory. Two of the designs g

operate without wait states and two with wait states to illustrate a wide spectrum of operation. The
memory was implemented with TMS4416s for their modularity advantage over the X1 DRAMs, and
upgradability to future 64K x4 DRAMs. A brief discussion of the strengths and weaknesses for the
four designs was given to provide some insight into the necessary system requirements that need
to be considered to achieve maximum system performance for a given application.

MOS Memory
Applications Engineering

Texas Instruments reserves the right to make changes at any time in order to improve design and to supply the best product possible.

Texas | no ibility for infi of patents or rights of others based on Texas i
specifications, since Tl does not possess full access to data ing the use or licati of s prodi Tl also no
for customer product designs.

or product
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Applications

AN INTRODUCTION TO CACHE MEMORY SYSTEMS
AND THE TMS2150

As the typical operating speeds of processors have increased to provide for the ever increasing need for com-
puting power, the necessity of developing a memory hierarchy (the incorporation of two or more memory
technologies in the same system) has become apparent. One of these memory technologies is selected on the
basis of fast access time (with associated high cost per bit) to allow minimum system cycle time. The other
technologies are chosen with the lowest possible cost per bit relative to speed in order to achieve the maximum
system memory capacity. In a system with a multiple level hierarchy, the speed/cost relationship depends upon
the frequency of access and the total memory requirement at that level. By proper use of this hierarchy through
coordination of hardware, system software, and in some cases user software, the overall memory system will
reflect the characteristics that approximate the fast access time of the fast memory technology and the low cost
per bit of the low cost memory technology. Large computer systems have made use of this memory optimization
technique to maintain very large data bases and high throughput (see Figure 1}. Many smaller processor systems
use this technique to allow mass storage of data, where a tape or disk is the low cost memory and RAM (Random
Access Memory) is the fast memory technology.

Memory hierarchy is now extending to the RAM memory used in microcomputer systems because of the in-
crease in processor speeds. Typically, Dynamic RAM (DRAM) is used as the bulk or main memory and High
Speed Static RAM (HSS) serves as the fast access memory. This HSS RAM is usually 1K to 8K words deep and
serves as a fast buffer memory between the processor and the main memory. This small, fast buffer memory is
called ‘‘cache’” memory as it is the storage location for a carefully selected portion of the data from the main
memory. The addresses for that portion of memory currently in the buffer memory is saved in the cache tag RAM
{a small memory that is used to store the addresses of the data that has been mapped to cache}.

-
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RELATIVE MEMORY SIZE

T ARCHIVAL STORAGE
(MAGNETIC TAPE)

INCREASING

BULK STORAGE COST PER BIT
{DISK)

MAIN SEMICONDUCTOR
MEMORY
{DRAM)

INCREASING
ACCESS TIME

FIGURE 1 — MEMORY SIZE VS. ACCESS TIME AND COST PER BIT

When the processor accesses main memory, the processor address is compared to the addresses currently present in the
cache tag RAM. In the case where a match occurs, the required data is resident in the cache and the access is called a *“hit,”’
and is completed in the cycle time of the fast memory. If there is no match (a ‘‘miss’’), the main memory is accessed, and the
processor must be delayed to allow for the slower access cycle of the main memory. The determination of whether a hit has
occured is the responsibility of the cache tag RAM. Figure 2 shows the relative placement of the processor, main memory,
cache, and cache tag RAM within a system.

Since there must be comparisons made between the current processor address and the addresses in the cache, the cache
tag RAM must have a very fast access time to prevent the degradation of processor accesses even when a match occurs.
Previéu_sly, the memory used for the cache tag RAM was the same as that used for the cache; which, due to added delays
through comparision logic. meant that the full benefits of the cache were not realized.

DATA BUS >

D
CACHE BUFFER
RAM
PROCESSOR A MAIN
MEMORY

it

ADDRESS BUS
D A
CACHE TAG

RAM
M

L |

FIGURE 2 — TYPICAL MEMORY SYSTEM WITH CACHE

N2
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The TMS2150 Cache Tag RAM has been designed to reduce this cache access degradation to a minimum by incorporating
the matching logic on-chip thus providing match recognition times compatible to the access time of the cache buffer
memory. ' '

The TMS2150 implements the ‘‘set-associative’’ type of cache address matching. This algorithm may be more clearly
understood by considering main memory as an {m) by (n) array of blocks and the cache is an (n) by (k) array (see Figure 3).
Each block is composed of (x) words and transfers between main memory and cache memory always move ali {x) words in
that block. Corresponding to every block in the buffer RAM is a tag address specifying which block of main memory is cur-
rently resident in the buffer RAM at that location. The set-associative algorithm maps each modulo (n) group of (m) blocks in-
to the corresponding (n) row of the cache. The low order address lines of the processor covering the sets (n) select a row of
the cache buffer and the corresponding row in the tag RAM. The data is stored in the cache buffer and the high order address
specifying the block (m} is saved in the tag RAM. The high order address then becomes the tag.

CACHE
N\
/ N\
MAIN MEMORY BUFFER RAM TAG RAM
- [E— - - - - — -
n-1 ? . NV -
- _i - - _|
X D m-1
. - - -
. . ? < NV -
toworoer ) 3 LA U
ADDRESS X D 2 h
2 (X D - 0 -
- _| - - ]
1 X D | - 0 - -
\ X —— D -] - - - - 1 — e e wad
o12 . .. mi -
e e
A\
Vv
m
(HIGH ORDER ADDRESS) DATA LABEL
K = Number of BUFFER/TAG groups for multiple cache systems
X = Blocks moved to cache
D = Valid data from main memory
? = Areas of cache that have not been loaded from main memory
NV = Code to indicate non-valid label
0, 1, 2, m-1 = Labels from high order address specifing the block moved from main memory.

FIGURE 3 — SET-ASSOCIATIVE CACHE ADDRESS MATCHING -

There are several algorithms used to determine which areas of main memory should be resident in cache and which should be
replaced (first-in, first-out; least recently used; or random). Since programs typically have the property of locality (over short
periods of time, most accesses are to a small group of memory addresses), these replacement algorithms can make the
cache have the majority of processor accesses resulting in hits. The hit ratio {number of hits x 100 %/number of memory ac-
cesses) runs 90% and higher in systems with well coordinated memory to cache mapping routines. Note that as the block
size (x) increases, the replacement mapping algorithm options have greater impact on the cache performance.

Many microprocessors are operating with memory access times of 130 ns or less when running at maximum frequency.
After allowing for address buffering, decoding, and propogation delays through data buffers, the maximum access time that
can be tolerated is 75 ns or less before processor throughput is affected. For large memory systems, DRAM can be used to
achieve a cost effective memory; however these can not meet a 75 ns access requirement. If the actual system throughputs
for a system with cache and one without cache are compared, the advantages of cache become obvious.

For comparison of the two architectures, assume that a processor is implemented in which 30% of the active cycles involve
main memory (the other 70% used for instruction decoding and internal operations). Also assume that the processor cycles
at 250 ns with a required memory access time of 75 ns, but if the memory is not ready the cycle time is extended by 100 ns
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increments till satisfied. This processor using 150 ns DRAMs would require one delay increment on main memory accesses
and 200 ns DRAMS would require two delay increments. The average cycle time can be calculated for each memory speed
as follows:

Average Cycle Time = [(INT) x (CYC)]+[(MEM) x (CYC + DEL)]

where INT = percent of time doing internal operations

CYC = processor cycle time
MEM = percent of time doing memory accesses
DEL = number of delay increments X 100 ns

For a processor using 150 ns DRAMs:

Average Cycle Time = [(70%) x (250 ns)] +[{30%)} x (250 + 100}]
= 280 ns

For a processor using 200 ns DRAMs:

Average Cycle Time = [(70%) x (250 ns)] +[(30%) x (250 + 200)]
=310ns

For the same system with cache memory assume a 90% hit ratio with 75 ns cache and 200 ns DRAM:

Average Cycle Time = [INT x CYC]+[MEM x [{HIT x CAC) + (MIS x (CYC + DEL)I]

where INT = percent of time doing internal operations
CYC = processor cycle time
MEM = percent of time doing memory accesses
DEL = number of delay increments X 100 ns
HIT = percent of memory accesses hit cache
MIS = percent of memory accesses miss cache
CAC = cache memory access cycle time

Average Cycle Time = [70% x 250]+(30% x[(80% x 250) +(10% x {250 + 200))1]
= 253 ns

This value represents a 10% improvement with 200 ns devices over the non-cache implementation with 150 ns parts and
18% using 200 ns parts. This performance improvement can be further demonstrated for those systems using custom or
bit-slice processors where the memory cycle time as well as access time is of concern. For this example, consider a pro-
cessor with a cycle time of 50 ns and main memory cycle time of 250 ns (use the same access ratios as in the previous
example):
ACT (Without Cache) = [(70%) x(50)1+[{30%) x (250)]
= 110ns

ACT (With Cache) = [70% x50]1+[30% x[(90% x 50) +(10% x 250)]
= 56 ns

This represents a 49% decrease in average cycle time for the processor using 50 ns cache memory. If the main memory was
rated at a cycle time of 500 ns, either using very slow maih memory, error detection/correction, or due to allocation of alter-
nate cycles for some other activity (multi-processors, direct memory access, display refresh, etc.); the cache would still give
an average cycle time of 63.5 ns, which is an improvement of 65% over the 185 ns average cycle time for a non-cache
system.

The following figures show several applications for TMS2150 in cache memory systems. Figure 4 shows a cache memory
configuration that has a 32-megaword main memory (represented as 32-megabytes since only an eight-bit data bus is used)
with a block size of 2. In this particular example, a cache containing 512-two word blocks was chosen thus defining the
main (n)x{m) array as being 512 sets of 32,768-two word blocks. The 32-megaword memory requires an address bus of
25 lines. The least significant address (AO) is used as a word select for one of the two words in each block. The next least
significant address lines (A1 — A9) are used as the set select inputs to the cache buffer RAM and the cache tag RAM.
The remaining high order address lines (A10 — A24) form the label or tag which is stored and compared by the tag RAM.
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Since the label in this example is composed of 15 address lines, two TMS2160s are used as an expanded tag. The 15 ad-
dress lines are the data inputs to the tag RAM and the 16th data input is tied to + 5 V so that after RESET invalid data cannot
force a match. The match output of the two TMS2150s are ANDed together to form the enable for the cache data buffer. In
this manner, if the contents of either TMS2150 does not contain a match, the cache is not enabled. This ANDed MATCH
signal is also used by the control circuitry to notify the system that the address is not present in the cache so that main
memory might be accessed. The control circuit is also responsible for the reseting of the cache upon power-up, which is ac-
complished with a low pulse on the RESET input of the TMS2150. After reset, no matches will occur at any locations until
that location has been written.

< DO-D7 )
8
BUFFER e
MAIN
LY Ly t L) MEMORY
PROCESSOR UPTO
DQ1-Da4 0Q1-Da4 32M BYTES
1Kx4 1K x4
RAM RAM
A0~ A9 AD- A9
10 ¢ 10
AO-AS A0-A9 A
) AO-A24 )
AT-A9 AT0-ATE 1-AB =
7& I_H,V 0 A g b A17-A24
00-D8 D7 DO-D7
AD-A8 AO- A8 M
TMS2160 TMS2150
[t ‘N [T ’
¥ .
1§
CONTROL _
(RESET, W, PE)

BLOCK SIZE = 2

FIGURE 4 — CACHE MEMORY CONFIGURATION
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In the example shown in Figure 5, the expansion of the cache RAM is carried out in both depth (more sets) and width (wider
tag). The block size has been chosen as one such that the 1K cache now represents 1024 blocks of one word each. The
high order addresses are still used as the label to the tag RAM but now A9 is used to select between two TMS2150 pairs
each containing labels for 512 of the cache memory blocks. Addresses lines AO — A8 are thus used as the set address
inputs. If the chip select (S) is at logic one (deselected), the TMS2150 match output (M) is high, so an AND gate can be
used to enable the cache data buffers and also to notify the control circuit if access needs to be made into the main memory.
The logic for this system is shown so that the upper pair is compared for the first 512 blocks within cache and the lower
pair is compared for the second depending on the state of address A9.

ADDRESSES TO MATCH OUTPUT TO
CACHE BUFFER RAM BUFFER ENABLE
10
A0 -A9
MAIN
PROCESSOR A0-A24 MEMORY
A9 [Ao-AB A10-A16 AO0- A8 A17-A24 UP TO
: 9 st 32M BYTES
L L
E] 17 . DO-D7
AD-AB

TMS2150 M3

s
i TMS2150 ma

[——f5v

wi

DO-D6 D7
L A0-AB
T™MS2150 M1
—Pis
TMS2150 M2
s
BLOCK SIZE = 1

FIGURE 5 — CACHE MEMORY CONFIGURATION
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A dual cache structure (K = 2) is shown in Figure 6. The 1 megaword main memory is divided into 1024 sets of 256 four-
word blocks. In this example, AO and A1 are used to select which one of the four words within a block are accessed, and
A2~ A10 select which of the 512 block labels are to be compared. Addresses A12—A19 form the eight-bit label for the
block. Address A11 is used by the cache control logic in conjunction with the possible processor status lines as chip select
inputs. The match outputs from the two TMS2150s A1 and A2 are NANDed to form an active low enable to the cache data
buffers and to serve as request to the control logic. The match outputs from B1 and B2 also are NANDed to perform a similar
function for cache RAM B. If no match is found in cache RAM A or B, the control logic will initiate an access from main
memory. The purpose of the dual cache architecture is to allow for rapid switching between multiple tasks or programs since
the processor can have access to one cache while the controller moves data between main memory and the other cache. The
dual or multiple cache approach also yields more replacement options than the single cache architecture. When an access
results in a miss in the single cache system, the data in cache is replaced by the current data even though the old data may
still be useful. By using ‘‘independent’’ caches, the control can determine which data is most expendible and replace that
block while the other caches keep their potentially useful data.

Cache memory architecture can enhance the throughput of many microprocessor systems, allowing large, low-cost memory
to perform like high speed RAM. The TMS2150 reduces the tag memory implementation cost and complexity and provides
label comparison times comparible to the access times of high-speed memories. These additional benefits make high-
performance microprocessor designs that can utilize the same techniques of optimizing cost/memory size/throughput that
had previously been found only in larger computer applications.

MOS Memory
Applications Engineering

K DO D16 >
~N B
18
AL 2 CACHE RAM ARRANGED IN
00-D18 DUAL 4K WORD CACHE
CACHE RAM B MAIN
E MEMORY
PROCESSOR DO-DI6 op 70
1M WORDS
CACHE RAM A
AO-A11 £
12
] AT-A19 )
AZ-A10 A12-A19 AZ-A10 AT2-A19
L
o 81
A % 8.t BoD7
AO-A8
. CACHETAG M
§ RaM 81 MEMORY
4 CONTROL
e asS M MATCH B
CACHE
CONTROL D0-D7
LoGIC L] no-ns
CACHETAG M
§ RAM A1 R MEMORY DIVISION
TSR 1024 SETS
MATCH 256 BLOCKS/SET
CACHETAG 4 WORDS/BLOCK
3 RAM A2

FIGURE 6 — CACHE MEMORY CONFIGURATION: DUAL CACHE (K=2)
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HIGH DENSITY ROMS
IN CONSUMER GAME SYSTEMS

This application report will introduce the reader to the op-
tions available with the TI high density ROM family. Two
chip select options have been implemented for these devices:
a standard addressing scheme and a bank select option that
divides the device into 8K banks. The bank select versions
will allow the higher density ROMs to work with most of
the game systems now on the market even though the systems
will not directly address 16K of memory.

Most of the game systems on the market use a 74138 one-
of-eight decoder to provide the chip select signals. The ex-
ceptions to this use a similar method for generating chip
selects and this discussion is applicable to them. Since most
of the systems used for games do their chip select decoding
in 8K byte blocks, the 8K bank select architecture is ideal
for systems that have restricted address space.

The bank select ROM (TMS47128) is put into the system
with the bank select lines connected to the appropriate system
chip select outputs (see Figure 1). These systems will only

have one chip select active at a time. If the bank select in-
puts of the ROM are programmed active low, the device out-
puts will be tri-stated unless one of the system chip selects
is active. This allows the chip selects of the ROM to be tied
active and let the bank select inputs control the accessed bank
and output impedence. Most of the memory accesses in a
game system will be to ROM so having the device active
all the time will not significantly increase system current con-
sumption. In fact the system may operate more reliably due
to the lack of current spikes caused by powering the ROM
on and off.

. The limiting factor in most game systems on the market

is the lack of ROM address space. By providing a family
of high density ROMs with the bank select feature TI has
given these games extended capabilities and the software of-
fers the opportunity to write more colorful and complicated
programs.

MOS Memory
Applications Engineering

I

+5V
A0-A12
s1

sB1
—_ s2
sB2

E/S3

TMS47128

Figure 1. Game System/TMS47128 Interface
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LOGIC SYMBOLS

EXPLANATION OF NEW LOGIC SYMBOLS
FOR MEMORIES

INTRODUCTION

The International Electrotechnical Commission (IEC) has been developing a very powerful symbolic language that can
show the relationship of each input of a digital logic circuit to each output without showing explicitly the internal
logic. At the heart of the system is dependency notation, which will be partially explained below.

The system was introduced in the USA in a rudimentary form in IEEE/ANS! Standard Y32,14-1973. Lacking at that
time a complete development of dependency notation, it offered little more than a substitution of rectangular shapes
for the familiar distinctive shapes for representing the basic functions of AND, OR, negation, etc. This is no longer
the case. : :

Internationally, }EC Technical Committee TC-3 has prepared a new document (Publication 617-12) that will consolidate
the original work started in the mid 1960’s and published in 1872 (Publication 117-15) and the amendments and sup-
plements that have followed. Similarly for the USA, IEEE Committee SCC 11.9 has revised the publication |EEE
Std 91/ANSI Y¥32.14. Texas Instruments participated in the work of both organizations and this 1984 Edition of the
MOS Memory Data Book introduces new logic symbols in anticipation of the new standards. When changes are made as
the standards develop, future editions of this book will take those changes into account.

The following explanation of the new symbolic language is necessarily brief and greatly condensed from ‘what the
standards publigations will finally cantain. This is not intended to be sufficient for those people who will be developing
symbols for new devices. 1t is primarily intended to make possible the understanding of the symbols used in this book.

EXPLANATION OF A TYPICAL SYMBOL FOR A STATIC MEMORY

The TMS 2114 symbol will be explained in detail. This symbol includes almost all the features found in the others.
Section 4, Diagramatic Summary, should be referred to while reading this explanation.

By convention all input lines are located on the left and output lines are

TMS 2114 located on the right. When an exception is made, an arrowhead shows reverse
202 . f‘M TozaxA signal flow. The input/output lines {DQ1 through DQ4) illustrate this.
M.ls’_.__. The polarity indicator C indicates that the external low level causes the
FrC I internal 1 state (the active state) at an input or that the internal 1 state causes
A3 @) | the external low level at an output. The effect is similar to specifying positive
P 0 Ivogic and using the negation symbol o .
As.L— “m The rest of this discussion concerns features inside the symbol outline. The
Aeﬂ——— address inputs are arranged in the order of their assigned binary weights and
a7 | the range of the addresses are shown as A-%lwhere m is the decimal equivalent
A8 (16) of the lowest address and n is the highest. The inputs and outputs affected by
29 (15) s | these addresses are designated by the letter A,
'E'—(L-h G1 The letter Z followed by a number is used to transfer a signal from one point
w t10) 1EN [READ] in a symbol to another. Here the signal at output A,Z3 transfers to the 3 at
| ;u:z [WRITE] the left side of the symbol in order to form an inpuat/output port. The A
— means the output comes from the storage location selected by the address
pa1 (14) A2D inputs. -
AZ3%

(13) V3 The ¥V symbol designates a three-state oytput. Three-state outputs will always
DQ2—e->—1 be controlled by an EN function. When EN stands at its internal 1 state, the
pos- s 1 outputs are enabled. When EN stands at its internal O state, the three-state
00411—"4-»—-. outputs stand at their high-impedance states.

. Logic Symbols
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LOGIC SYMBOLS

Since the boxes associated with DQ2, DQ3, and DQ4 have no .internal qualifying symbols, it is to be understood that
these boxes are identical to the box associated with DQ1.

Any D input is associated with storage. Whatever internal state is taken on by the D input is stored. The letter A (in
A,Z3) indicates that the state of the D input will be stored in a cell selected by the A inputs. If the D input is disabled,
the storage element retains its content.

Various types of relationships between ports can be indicated by what is called dependency notation. A letter indicating
the type of dependency (e.g., C, G, Z) is placed at the affecting input {or output) and this is followed by a number,
Each affected input (or output) is labeled with that same number. The Z symbol explained above is one form of
dependency notation, Several other types of dependency have been defined but their use has not been anticipated in
this book.

The numeral 2 at the D input indicates that the D input is affected by another input, in this case a C input {i.e., 1C2).
When a C input stands at its internal 1 state, it enables the affected D input(s). When the C input stands at its internal
0 state, it disables the D input(s) so that it (they) can no longer alter the contents of the storage element(s).

The C input is itself affected by another input. The numeral 1 in front of the C shows that a dependency relationship
exists with a G input, The letter G indicates an AND relationship. When a G input stands at its internal 1 state {low in

this case), the affected inputs (EN and C2 here) are enabled. When the G input stands at its internal O state, it imposes
the O state on the affected inputs. T

Pin 10°has two functions. Its function as a C input has just been explained. Note that for the C input function to stand
at its 1 state, pin 10 must be low and pin 8 must also be low. The other function of pin 10 is as an EN input, This
controls the 3-state outputs. This EN input is also affected by the AND relationship with pin 8 so for the EN function
to stand at its internal 1 state (enabling the outputs), pin 10 must be high and pin 8 must be low.

Labels within square brackets are merely supplementary and should be self-explanatory.

CACHE ADDRESS COMPARATOR
The block diagram for the TMS 2150 uses the RAM symbol (explained in Section 2) and also the following:

1 Buffer without special amplification. If special amplification is included, the
numeral 1 is replaced by [>.
2k
|
] Even-parity element. The output stands at its 1-state if an even number of
| inputs stand at their 1-states, :
L
2k +1
[} QOdd-parity element. The output stands at its 1-state if an odd number of in-
| | puts stand at their 1-states.
I V NOTE: TMS 2150 uses one of these to generate even parity by adding the
- output as a ninth bit.

TEXAS INSTRUMENTS
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LOGIC SYMBOLS

4. DIAGRAMATIC SUMMARY

INPUTS G (AND) DEPENDENCY
— Active H (high) a GbH a a—ed & b )
—D  Active L {low) b g b _ b
——p  Active on L-to-H transition ¢ 5 - c c 1 &|ac
- -
& |ad
__b} Active on H-to-L transition d 5 d—o d—0Q
e —— - e - - - b e
C (CONTROL) DEPENDENCY
INPUT/QUTPUT [STORAGE]
e ot —— &
a ‘ _— S [Set]
I a
‘ a a Cc2 - T_ z
T —_ b 2D b ————O R [Reset]
OUTPUTS
—— Z (INTERCONNECTION) DEPENDENCY
Active high —
Active low* | m—

3-State

Open-Circuit (H-type)¥

v s
Open-Circuit (L-type)T or—
F o] A—

COMMON CONTROL BLOCK

a m—
t L-types include N-channe} open-drain and P-channel open-source
a — outputs. '
L“L [ S * H-types include P-channel open-drain and N-channel open-source
b outputs.
b — . =
@1
C —i U ¢
d e
d

390

* The active-low indicator may be used in combination with the 3-

state and open-circuit indicators,

E Logic Symbols
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LOGIC SYMBOLS

5.

5.1 THE TMS 4116 SYMBOL

! sjoquAg 21607

10-4

TMS 4116
RAM 16K X 1
~
A0 (g: | 20D07/21D0
A1,
pd—
AZ— ] S A=
Ag- 11 16383
a5 A10)
A6 {13) | 20D13/21D6
bczo [ROW]
G23/[REFRESH ROW]
RAS “ 24 [PWR DWN]
c21 [coL]
G24
m('lS) )
S 23022
w ﬁﬁ 23,21D 24EN
D 2 |A,22D AV

5.2 ADDRESSING

EXPLANATION OF A TYPICAL SYMBOL FOR A DYNAMIC MEMORY

The TMS 4116 symbol will be explained in detail for each
operating function, The assumption is made that Sections
2 and 4 have been read and understood. While this symbol
is complex, so is the device it represents and the symbol
shows how the part will perform depending on the se-

quence in which signals are applied.

(14) a

The symbol above makes use of an abbreviated form to show the multiplexed, latched addresses. The blocks represent-

ing the address latches are implied but not shown,

AO —— 20D7/21D0

Al e

A6 ——]20D13/21D6

fAS—INS 20
cAs IS c21

~

> A16383

CAS ———— I

C21

A0

21D

Al

A2 9-

A3 f

A4

A5

A6 —@
RAS

C20
20D

AN L WN—=O

®

10
1
12
13
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LOGIC SYMBOLS

When RAS goes low, it momentarily enables {through C20, |> indicates a dynamic input) the D inputs of the seven
address registers 7 through 13. When CAS goes low, it momentarily enables (through C21) the D inputs of the seven
address registers O through 6. The outputs of the address registers are the 14 internal address lines that select 1 of

16,384 cells.

5.3 REFRESH

RAS —IN [REFRESH ROW]

54 POWER DOWN

RAS —] 24 [PWR DWN]
CAS G24

55 WRITE ~

RAS — G23

CAS —

N & &zsczz

D-~—— A,22D

56 READ
CAS —ﬁ£ c21
| G24
RAS G23
W 23210 | Z4EN

AY

When RAS goes low, row refresh starts. It ends when RAS goes high. The
other input signals required to carry out refreshing are not indicated by
the symbol.

CAS is AND‘ed with RAS (through G24) so when RAS and CAS are both
high, the device is powered down.

By virtue of the AND relationship between CAS and W (explicitly shown),
when either one of these inputs goes low with the other one and RAS al-
ready low (RAS is AND’ed by G23), the D input is momentarily enabled
(through C22). In an “early-write” cycle it is W that goes low first; this

causes the output to remain off as explained below.

The AND’ed result of RAS and W (produced by G23) is
clocked into a latch (through C21) at the instant CAS goes
low. This result will be a 1 if RAS is low and W is high.
The complement of CAS is shown to be AND‘ed with the
output of the latch (by G24 and 24). Therefore, as long as
CAS stays low, the output is enabled. In the “early-write”

—Q cycle referred to above, a 0" was stored in the latch byW

being low when CAS went low, so the output remained
disabled.

If you have questions on this Explanation
of New Logic Symbols, please contact:

F.A. Mann MS 49

Texas Instruments Incorporated
P.0. Box 225012

Dallas, Texas 75265

Telephone (214) 995-2867

IEEE Standards may be purchased from:

Institute of Electrical and Electronics Engineers, Inc.
345 East 47th Street
New York, N.Y. 10017

International Electrotechnical Commission (IEC)
publications may be purchased from:

American National Standards Institute, Inc.
1430 Broadway
New York, N.Y. 10018
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MECHANICAL DATA

general
Electrical characteristics presented in this catalog, unless otherwise noted, apply to device typels) listed in the page
heading, regardless of package. Factory orders for devices described should include the complete part-type numbers
listed on each page.

MOS NUMBERING SYSTEM

EXAMPLE:

™S 2114L -45 N L
! ‘ T J
e i 1) (Soesd Range )
S d R Pack: T R:
Identification Number ! pesg A7ge ( 2= age) ( emperatire ang@

Max Access

T1 MOS Prefix

TMS Commercial MOS — 4 45ns —20 200 ns FP Plastic Chip Carrier E -40°Cto 80°C
SMJ Military MOS - 5 55ns —25250ns J Cerpak/Cerdip L 0°Cto 70°C
— 7 70ns —30 300 ns JD Side Braze M -55°Cto 125°C
~10 100 ns —35 350 ns MC Chip-on-Board S -55°Cto 100°C

—12 120 ns —45 450 ns N Plastic DIP
-15 150 ns :

inclusion of an “’L in the product identification indicates the device operates at low power.

manufacturing information
Die-attach is by standard gold silicon eutectic or by conductive polymer.

Thermal compression gold wire bonding is used on plastic packaged circuits. Typical bond strength is 5 grams. Bond
strength is monitored on a lot-to-lot basis. Any preseal bond strength of less than 2 grams causes rejection of the
entire lot of devices. On hermetic devices either thermal compression or ultrasonic wire bonding is used. Alt hermetic
MOS LS devices produced by Tl are capable of withstanding 5 X 10 ~7 atm cc/sec inspection any may be screened
to 5 X 108 atm cc/sec fine leak, if desired by the customer, for special applications.

All packages are capable of withstanding a shock of 3000 g. All packages are capable of passing a 20,000 g accelera-
tion (centrifuge) test in the Y-axis. Pin strength is measured by a pin-shearing test. All pins are able to withstand the
application of a force of 6 pounds at 45° in the peel-off direction.

dual-in-line packages

A pin-to-pin spacing of 2.54 mm (100 mils) has been selected for standard dual-in-line packages (both plastic and
ceramic).

Tl uses three types of hermetically sealed ceramic dual-in-line packages: cerdip} cerpak, and sidebrazed. The cerdip
and cerpak packages have tin-plated leads. The sidebraze package has gold-plated leads. The plastic package may
have tin-plated leads, 60/40 solder-plated leads, or 60/40 hot-solder-dipped-finished-leads.

chip-on-board

TI will bond some MOS memory circuits (particularly ROMs) directly to a printed circuit board specified by the customer.
This custom packaging technique for consumer applications utilizes a plastic sealant molded over the silicon directly
mounted and ultrasonic wire bonded to a printed circuit board. Board material as well as dimensions are specified
by the customer.
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MECHANICAL DATA

All measurements are given using both metric and English systems. Under the metric system, the measurements are
given in millimeters; under the English system, the measurements are given in inches. The English system measurements
are indicated in parentheses next to the metric,

ceramic packages — side braze (JD suffix)

. B MAX
[N
: CNOM
INDEX
MARK ~ J_
(DOT, TRIANGLE
OR NUMBER 1
q:_* A20025_& 0,508
(£0.010) | (0.020) | [1.778 (0.070) MAX
] ' [ 5,08 (0.200) MAX
] e B
» 18(?500 13,175 (0.125) MIN

0,279%0,076 | PIN SPACING—| Lo ——H-—\

(0.011 £0.003) 2,54 (0.100) NOM

0,457 £ 0,076
(0.018 £ 0.003)
PINS
DIM. 16 18 20 22 24 24 28 40
A + 0,025 7,62 7.62 7,62 10,16 7.62 15,24 15,24 15,24
(:0.010) (0.300) | (0.300) | (0.300) | {0.400) | (0.300) { (0.600) | (0.600) | (0.600)
B(MAX) 20,57 23,11 25,65 27,94 30,86 | 32,77 35,94 51,31
(0.810) | (0.910) | (1.010) | (1.100) | (1.215) | (1.290) | (1.415) | (2.020)
c(NOM) 7,493 7,493 7,493 10,03 7,493 15,11 15,11 15,11
(0.295) | (0.295) | (0.295) | (0.395) | (0.295) | {0.595) | (0.595) | (0.595)
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MECHANICAL DATA

ceramic packages — cerdip/300 mil cerpak (J suffix)

BMAX ———————
N
B o N 1 e O e O e o o Y o i {

[

|

| N [ N N G N [ N S NS N N ot

1,143 (0.045) MAX
{See Note b)

¢

)
5,08 (0.200)
MAX

S

A
0,381 (0.015) MIN
.

SEATING PLANE
105° f
90°

¢
—F 5170128
—olla— 0279 0076 ' MIN
(0,011 + 0.003)

1,78 {0.070) PIN SPACING
0,457 + 0,076 MAX 2,54 (0.100)
{0.018 + 0.003) NOM
PINS R
o 16 18 20 2
8,265 | 8,255 | 8,255 | 8255
AlMAX) 10.325) |(0.325) | (0:325) |(0.325)
19,56 | 22.86 | 24,38 | 32,00
BIMAX) {0.770) | (0.900} | (0.960) | (1.260)
7,645 | 7,645 | 7,645 | 7.645
CIMAX) (0.301) {(0.301) | (0.:301) |(0.301)

* Dimensions A, B, and C are applicabl‘e for both 16-pin cerdip
and cerpak.

NOTES: a. All dimensions are shown in millimeters and parentheticalty
in inches. Millimeter dimensions govern.
b. Cerpak only.

84

Texas
INSTRUMENTS

POST OFFICE BOX 225012 ® DALLAS, TEXAS 75265

| Data

ica

H Mechan

-

N
\

w



MECHANICAL DATA

ceramic packages — 600 mil cerpak (J suffix)

| B MAX
N
C MAX
€ € )
A__. 12,7
MAX -1 (0.500)
nNom_|
- 0,381 (0.015) MIN = ] |- 5,588 (0.220) MAX
T } | 1 , X
o 15° ——— SEATING PLANE - —_—
00"+ 15 T “ll 3,175 (0.125) MIN
0,279 + 0,076 |l 0,457 + 0,076 ~ |- — 0,838 (0.033) NOM
{0.011 £ 0.003) {0.018 £ 0.003) ' 1,778 (0.070) MAX
PIN SPACING
2,54 (0.100) NOM
PINS
o 24 28
\ 15,88 15,88
A (MAX) (0.625) | (0.625)
32,77 37,85
B (MAX) (1.290) | (1.490)
15,24 15,24
C (MAX) (0.600) | (0.600)
2
@
o
: \
o
S,
o
=
O
o
~5
o
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MECHANICAL DATA

plastic packages (N suffix)

EITHER
OR BOTH
INDEX MARKS

0,508 (0.020) MIN]

B MAX

N

A rir

)

j|

/A

CMAX

| GNINE | SN SN (NN [ (NN A N f N S |

1

- 5,08 (0.200) MAX

SEATING PLANE—f——
—D MIN
0.279 £ 0,076 ~{t— 0,457 £ 0,076 —~{ |- -~ }+— 0,838 (0.033) NOM
(0.011 £ 0.003) (0.018 £0.003) PIN SPACING 1,778 (0.070) MAX
2,54 (0.100) NOM
PINS
DIM. 16 18 .20 22 24 28 40
A (MAX) 8,255 8,255 8,255 10,80 15,88 15,88 15,49
(0.325) | (0.325) | (0.325) | (0.425) | (0.625) | (0.625) | (0.61)
B (MAX) 22,1 23,37 27,18 28,45 32,26 36,58 53,1
(0.870) | (0.920) | (1.070) | (1.120) | (1.270) | (1.440) | (2.090)
C (MAX) 6,858 6,858 6,858 9.017 13,97 13,97 13,97
(0.270) | (0.270) | (0.270) | (0.355) | (0.550) | {0.550} | (0.550)
D (MIN) 3,175 3,175 3,175 | . 3,175 2,921 2,921 3,175
(0.125) | (0.125) | {(0.125) | (0.125) | (0.115) | {0.115) | (0.125)
1]
-
1]
a
®
92
c
(1]
L
[2]
[-}]
=
84
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! ejeq jedlueyos

MECHANICAL DATA

ceramic chip carrier package {FE suffix)

e——A1

q————B1———-ﬁ
17_16_15 14 13
U\

N
19
20
21
B
A2 22
23
24
25
26 INDEX CORNER\
Y
- 27 281 3
1,14 {0.045)
0,89 (0.035}
3 CORNERS
1,14 (0.045)
0,89 {0.035)
1,40 (0.055)
1,74770.045)

0,71 (0.028)—’| l‘—

0,56 {0.022)

12

11

10

o N o

0,64 (0.025)
(0,38 (0.015)

c2

—_

—_
i

o

- POST OFFICE BOX 225012 ® DALLAS, TEXAS 75265

NUMBER A1 A2 B1 B2
OF
TERMINALS MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX
28 8,76 9,02 13,84 14,10 7,80 7,95 12,88 13,03 1,65 2,01
(0.345) {0.355) (0.545) (0.555) (0.307) {0.313) (0.507) {0.513) {0.065) (0.079)
11,30 11,56 13,84 14,10 10,34 13,03 12,88 13,03 1,65 2,01
32 (0.445) (0.455) | (0.545) (0.555) | (0.407) (0.513) (0.507) {0.513) {0.065) (0.079)
Texas
INSTRUMENTS
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MECHANICAL DATA

ceramic chip carrier package (FG suffix)

7,49 (0.295)
7,24 (0.285) o
6,86 (0.270)

< 6,60 (0.260)
11_10__9 8

)( )

0.410)
0.400)

10,92 (0.430)
10,67 (0.420)

|
{1,40) 0.055 ’
{0,99) 0.039
0,76 (0.030)
0,56 (0.022)

—¥
I

2,29 (0.090)
1,88 (0.074)

IR

0,76 {0.030) . 1,85 (0.073)
l"' "‘ I‘_o,ss (0.022) _J 1,55 (0.061)

H Mechanical Data
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MECHANICAL DATA

plastic chip carrier package (FP suffix)

8,31 (0.327)
8,05 (0.317)
: 7,34 (0.289)
- ~7,13(0.281)
a0
3 T 10 9 8 \
[ 12 7 j
11,86 {0.467)
11,61 (0.457) 0,686 (O 027)
T 3 . 6 ] 0,660 (0.026)
14 INDEX CORNER 5 ]
10,90 (0.429)
10,69 (0.421)
U 45 INDEX DOT .
E L 3
—SEATING PLANE
)]
L 17 18 Q 2
= == | 351(0.138)
3,40 (0.134)
2,29 (0.090)_|
TYP | 1,12 (0.044)
0,737 (0.029) MAX
0,635 (0.025)
1,27 (0.050) .
TP 0,762 (0.030)
TYP
[o]
8
F 1559 (0.0625)
g 1,49 (0.0585) 0,432 (0.017)
2. — TYP
[1]
o
- . L/
v)
[
=3
o
18¢
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Texas Instruments
Semiconductor Technical Literature

Overview of IEEE Std. 91-1984,
1984, 32 pages.

A brief condensed overview of the
symbolic language for digital logic
circuits by the IEEE and the IEC
Technical Committee TC-3 incorpo-
rated in IEEE Std. 91-1984.

TTL Data Book, Vol. 1, 1984,

336 pages. -

Product guide for all TI TTL
devices, functional indexes, alpha-
numeric index, and general
information.

TTL Data Book, Vol. 2, 1984,

1392 pages.

Detailed specifications and applica-

tion information on the TI family of
Low-power Schottky (LS). Schottky

(S). and standard TTL logic devices.

TTL Data Book, Vol. 3, 1984,

792 pages. '
Detailed specifications and applica-
tion information on the TI family
of Advanced Low-power Schottky
(ALS) and Advanced Schottky (AS)
logic devices.

TTL Data Book, Vol. 3 Supplement,
1984, 255 pages.

Adds to the detailed specifications
of AS and ALS logic devices with
data on 51 new functions, applica-
tions information, system design
guidelines, errata data and a func-
tional index of all TI bipolar digital
devices. ’

TTL Data Book, Vol. 4, 1984,

416 pages. .

Detailed specifications and applica-
tion information on the TI family of
bipolar field-programmable logic
(FPL), programmable read-only
memories (PROM), random-access
memories (RAM), microprocessors,
and support circuits.

TTL Data Book, Vol. 5, 1984,

430 pages.

Detailed specifications and applica-
tion information on additional LSI
special functions that add to AS,
ALS, and LS families. Includes 8-
bit bit-slice devices, FIFOs, EDAC.
memory mapping units, and 8, 9,
and 10-bit registers.

High-speed CMOS Logic Data Book,
1984, 800 pages.

Detailed specifications and applica-
tion information on the TI family of
High-speed CMOS logic devices.
Includes product selection guide,
glossary, and alphanumeric index.

Linear Circuits Data Book, 1984,
820 pages.

Detailed specifications on opera-
tional amplifiers, voltage
comparators, voltage regulators,
data-acquisition devices, a/d con-
verters, timers, switches, amplifiers,
and special functions. Includes
LinCMOS™ functions. Contains
product guide. interchangeability
guide, glossary, and alphanumeric
index.

Interface Circuits Data Book, 1981,
700 pages.

Includes specifications and applica-
tions information on TTL logic
interface circuits, as well as product
profiles on the line drivers/receivers
and peripheral drivers.

Optoelectronics Data Book, 1983,
480 pages.

Contains more than 300 device
types representing traditional
optoelectronics (IREDs, LEDs,
detectors, couplers, and displays).
special components (avalanche,
photodiodes, and transimpedance
amplifiers), fiber optic components
(sources, detectors, and intercon-
necting cables). and new image
sensors (linear and arrays).

MOS Memory Data Book, 1984,

456 pages.

Detailed specifications on dynamic
RAMSs, static RAMs, EPROMs,
ROMs, cache address comparators.
and memory controllers. Contains
product guide, interchangeability
guide. glossary, and alphanumeric
index. Also, chapters on testing and
reliability.

TMS7000 Family Data Manual,
1983, 350 pages.

Detailed specifications and applica-
tion information on TI's family of
microprogrammable 8-bit micro-
computers. Includes architecture
description, device operation,
instruction set, electrical charac-
teristics, and mechanical data.
TMS7000 microcomputers include
versions in CMOS and SMOS and
with on-board UART.

TMSxxxxx Microcomputer Data
Manuals

These manuals contain detailed
specifications and application infor-
mation on specific TMSxxxxx
microcomputers and peripherals.
Include architecture description,
device operation, instruction set,
electrical characteristics, and
mechanical data.

Assembly Language

Programmer’s Guides.

TMS32010, 1983, 160 pages.
TMS99000, 1983, 322 pages.
TMS7000, 1983, 160 pages.

Include general programming
information, assembly instructions,
assembler directives, assembler out-
put. and application notes.

TMS32010 User’s Guide, 1984,

400 pages.

Detailed application information on
the TMS32010 Digital Signal Pro-
cessor. Detailed reference manual
on use of the TMS320 instruction
set. Data sheets included.

Fundamentals of Microcomputer
Design, 1982, 584 pages.

University textbook. Subjects
include microprocessors, software,
instruction sets, microcomputer pro- -
gramming, high-level languages,
hardware features, microcomputer
memory, and I/O design. A design
example is included.

See Next Page for Additional
Information




Texas Instruments
Semiconductor Technical Literature

Understanding Series' Books

The Understanding Series books form a library written for anyone who wants to learn quickly and easily about
today’s technology, its impact on our world, and its application in our lives. Each book is written in bright, clear,
down-to-earth language and focuses on one aspect of whats new in today’s electronics. Engineering concepts and
theory are explained using simple arithmetic. Technical terms are explained in layman’s language. Ideal for self-paced,
individualized instruction. Currently 14 different titles in the series.

Understanding Series Titles Stock No.
Understanding Automation Systems. Second Edition ... ... .. .. i i i LCB8472
Understanding Automotive Eléctronics, Second Edition ... .o o i LCB8475
Understanding Calculator Math ... .o o e s LCB3321
Understanding Communications Systems, Second Edition ........... . ... o i LCBg474
Understanding Computer Science, Second Edition ........ .. ... oo e LCB8452
* Understanding Data Communications . ...........o ittt e e LCB8483
Understanding Digital Electronics, Second Edition ... ... ... i LCBg471
Understanding Digital Troubleshooting, Second Edition ........... ... ..o PR LCB8473
Understanding Electronic Control of Energy Systems ... i LCB6642
Understanding Electronic Security SYStems . ... . ... i s LCB7201
Understanding Microprocessors, Second Edition ......... ... .. o i LCB8451
Understanding OPIrONiCS ... .. ... ... ittt e e i LCB5472
Understanding Solid-State Electronics, Fourth Edition ......... .. ... i LCB8453
Understanding Telephone Electronics, Second Edition ...... ... ... . . o i LCB8482

Solid State Electronics Technology Books

A wide variety of textbooks spanning the field of solid state electronics — from fundamentals through advanced
semiconductor technologies. Each publication has been written by once or more authorities on the subject to bring an
objective viewpoint to the material. Texts have been carefully prepared and edited. and numerous diagrams and
illustrations help achieve maximum clarity and understanding. In an industry as dynamic as electronics, it is important
for engineers and technicians to keep abreast of the latest solid state technologies.

Electronics Technology Titles ’ Stock No.
Designing With TTL Integrated Circuits ....... ... . it i i ae e LCBI1151
Digital Integrated Circuit, Operational Amplifier, and Optoelectronic Circuit Design .. ... LCB2401
Electronic DISplays ... ...t e e LCB4481
Electronic Power Control and Digital Techniques ......... ... .. .. . i i LCB2411
Fundamentals of Microcomputer Design ............. ...t P, e MPB30A
Handbook of Semiconductor and Bubble Memories ............ ... ..ol P LCBg034
Integrated Circuits: A Basic COUISE ... .. .. .o i e i e LCB1061
Integrated Digital Electronics ...... ... ... . i e LCB8035
Microprocessors and Microcomputers and Switching Mode Power Supplies .............. ... 0 LCB4021
Microprocessors/Microcomputers/System Design (HB-9900FSDB) ....... ... .. ... oo i, LCBS351
MOS and Special-Purpose Bi-Polar Integrated Circuits and

R-F Power Transistor Circuit Design ... .. ... .. i s LCB2391
MOS/LSI Design and Application ...... ... it LCBI1161
Optoelectronics: Theory and Practice ........... ... ... ... ..., LCB4360
Power Transistor and TTL Integrated Circuit Applications ........................ LCB2841
PCM and Digital Transmission Systems LCB6841
R-F Power Transistor Circuit Design ......... .. ... i LCB2391
Semiconductor Measurements and Instrumentation .......... .. ... .. LCB1851
16-Bit Microprocessor Systems (HB-MPB30A) ............ ..., LCB7761
Software Design for MICTOProCessors .. ... ... .. .ot i e LCB1891
Solid-State COMMUNICAtIONS . ... ... e e i et et LCB1091
Transistor Circuit Design .......... e e e e e e LCB1121

Write for current availability and prices to:

Texas Instruments Information Publishing Center
P.O. Box 225012, MS-54

Dallas, TX 75265




TI Sales Offices

ALABAMA: Huntsville (205) 837-7530
ARIZONA: Phoenix (602) 995-1007.

CALIFORNIA: Irvine 1714) 660 1200;
Sacramento (916) 929-

San Diego (619) 278 9601

Santa Clara {408) 980 9000
Torrance {(213) 2

Woodland Hills (213) 706 7759.

COLORADQ. Aurora (303) 695-2800.
CONNECTICUT: Wallinglord (203) 269-0074.

FLORIDA: Ft. Lauderdale (305) 973-8502;
Maitland (305) 660-4600; Tampa (813) 870-6420.

GEORGIA: Atlanta (404) 452-4600.
ILLINOIS: Arlington Heights (312) 640-2925.

INDIANA: Ft. Wayne (219) 424.5174;
Indianapolis (317) 248-8555

IOWA: Cedar Rapids (319) 395-9550.
MARYLAND: Baltimore (301) 944-8600
MASSACHUSETTS: Waltham (617) 895-9100.
MICHIGAN: Farmington Hills (313) 553-1500.
MINNESOTA: Eden Prairie (612) 828-9300.

MISSOURI: Kansas City (816) 523-2500;
St. Louis (314) 569-7600.

NEW JERSEY: Iselin (201) 750-1050.
NEW MEXICO: Albuguerque (505) 345-2555.

NEW YORK: East Syracuse (315) 463-9291;
Endicott (607) 754 3500 Melville (516) 454-6600;
Pittsford (716) 38!

Poughkeepsie (914) 473 2900.

NORTH CAROLINA: Charlotte (704) 527-0930;
Raleigh (919) 876-2725.

OHI0: Beachwood (216) 464-6100;
Dayton (513) 258-3877.

OKLAHOMA: Tulsa (918) 250-0633.
OREGON: Beaverton (503) 643-6758.

PENNSYLVANIA: Ft. Wnshinglon (215) 643-6450;
Coraopolis (412) 771-8550.

PUERTO RICO: Hayo Rey (809) 753-8700

TEXAS: Austin (512) 250-7655,;
Houston (713) 778-6592; Rlchardson (214) 680-5082;
San Antonio (512) 496-1779

UTAH: Murray (801) 266-8972.

VIRGINIA: Fairfax (703) 849-1400.
WASHINGTON: Redmond (206) 881-3080.
WISCONSIN: Brookfisld (414} 785-7140.

CANADA: Nepean, Ontario (613) 726-1970;
Richmond Hill, Ontario (416) 884-9181;
St. Laurent, Qlebec (514) 334- 3635.

TI Regional
Technology Centers

CALIFORNIA: Irvine (714) 660-8140,
Hotline: (714) 660- 8164 Santa Clara (408) 748-2220,
Hotline: (408) 980-0305.

GEORGIA: Atlanta (404) 4524682,
Hotline: (404) 452-4686.

ILLINOIS: Arling!on Heights (312) 640-2909,
Hotline: (312) 228-6008.
MASSACHUSETTS: Waltham (617) 890-6671,
Hotline: (617) 890-4271

TEXAS: Richardson (214) 680-5066,
Hotline: (214) 680-5096.

TI Distributors

T{ AUTHORIZED DISTRIBUTORS IN
USA

Arrow Electronics

Diplomat Electronics

ESCO Electronics

General Radio Supply Company

Graham Electronics

Harrison Equipment Co.

International Electronics

JACO Electronics

Kierulff Electronics

LCOMP, Incorporated

Marshall Industries

Milgray Electronics

Newark Electronics

Rochester Radio Supply

Time Electronics

R.V. Weatherford Co.

Wyle Laboratories

TI AUTHORIZED DISTRIBUTORS IN
CANADA

CESCO Electronics, Inc.
Future Electronics

ITT Components

L.A. Varah, Ltd.

————————————

ALABAMA: Arrow (205) 882-2730;
Kierutff (205) 883-6070; Marshall 1205) 881.9235.

ARIZONA: Arrow (602) 968-480!
Kierulff (602) 243-4101; Marshall (602) 968-6181;
Wyle (602) 249-2232.

CALIFORNIA: Los Angalalerange caunly
Arrow (213) 701-7500, {714) 838-542

Kierulff (213) 725:0325, (714) 731! 5711

Mavshall (213) 999 5001 (818) 442- 7208,

(714) 660-0951; R.V. Weatherford (714) 634- 9600,
(213) 849 3451 (714) 623-1261; Wyle (213) 322-1 8100,
(714) 863-9953; Sacramento: Arrow (916) 925-7456;
Wyle (916) 638- 5282, San Diego:

Arrow (619) 565- 4800 Kierulff (6|9) 2782112;
Marshall (619) 578- 9600 Wyle (619) 565-9171;

San Francisco Bay Area: Arrow (408) 745.6600;
(415) 487-4600; Kierultf (408) 971-2600;

Marshall (408) 732-1100; Wyle 1408) 727- 2500;
Santa Barbara: R.V. Weatherford (805) 965-8551.

COLORADO: Arrow (303) 696-1111
Kierulff (303) 790-4444; Wyle (303) 457 9953

CONNECTICUT: Arrow (203) 265-7741;
Diplomat (203) 797-9674; Kierulff (203) 265-1115;
Marshall (203) 265-3822; Milgray (203) 795-0714,

FLORIDA: Ft. Lauderdale: Arrow (305) 776-7790;
Diplomat (305) 974-8700; Kleru\ﬂ (305) 486-4004;
Orlando: Arrow (305) 725 1

Milgray (305) 647-5747; T.

Diplomat (813) 443- 4514 Klerqu (813) 576 1966.

GEORGIA: Arrow (404) 449-8252;
Kierulft (404) 447.5252; Marshall (404) 923-5750.

TEXAS
INSTRUMENTS

Creating useful products
and services for you.

ILLINOIS: Arrow (312) 397-3440;
Diplomat (312) 535-1000; Kierulff {312) 640-0200;
Marshall (312) 490-0155; Newark {312) 638-4411.

INDIANA: lndlanapolls Arrow (317) 243-9353;
Graham (317) 634-8202;
Ft. Wayne: Graham (219) 423-3422.

IOWA: Arrow (319) 395-7230.

KANSAS: Kansas City: Marshall (913) 492-3121;
Wichita: LCOMP (316) 265-9507.

MARYLAND: Arrow (301) 247-5200;
Diplomat (301) 935-1226; Kierulff (301) 636-5800;
Mitgray (301) 793-3993.

MASSACHUSETTS: Arrow (617) 933-8130;
Diplomat {617) 935-6611; Kierulff (617) 667-8331;
Marshall (617) 272-8200; Time (617) 935-8080.

MICHIGAN: Detroit: Arrow (313) 971-8220;
Marshall (313) 525-5850; Newark (313) 967-0600;
Grand Rapids: Arrow (616) 243-0912.

MINNESOTA: Arrow (612) 830-1800;
Kierulff (612) 941-7500; Marshall (612) 559-2211.

MISSOUHI Kansas City: LCOMP (816) 221-2400;
s: Arrow (314) 567-6888;
Klerum (3‘4) 739-0855.

NEW HAMPSHIRE: Arrow (603) 668-6968.

NEW JERSEY: Arrow (201) 575-5300, (609) 596-8000;
Diplomat (201) 785-1830;

General Radio (609) 964-8560; Klerulﬂ (201) 575-6750;
(609y 235-1444; Marshall (201) 882-0320,

(609) 234-9100, (609) 235-1444; Mllgray 609) 983-5010.

NEW MEXICO: Arrow (505) 243-4566;
International Electronics (505) 345-8127.

NEW YORK: Long Island: Arrow (516) 231-1000;
Diplomat (516) 454-6400; JACO (516) 273-5500;
Marshall (516) 273-2424; Milgray (516) 420-9800;
Rochester: Arrow (716) 275-0300;

Marshalt (716) 235-7620;

Rochester Radio Supply (716) 454-7800; Syracuse:
Arrow (315) 652-1 000 Dlplomal {315) 652- 5000;
Marshall (607) 754-1570.

NORTH CAROLINA: Arrow (919) 8763132,
(919) 725-8711; Kierulff (919) 872-8410.

OHIO: Cincinnati: Graham (513) 772-1661;
Cleveland: Arrow (216} 248-3990

Kieruiff (216) 587- 6558 Marshall (216) 248-1788.
Columbus: Graham (61 ) 95 1590;

Dayton: Arrow (513) 435-5563;

ESCO (513) 226-1133; Klerulﬂ (513) 439-0045;
Marshall (513) 236- 8088

OKLAHOMA: Arrow (918) 665-7700;
Kierulff (918) 252-7537.

OREGON: Arrow (503) 684-7690;
Wyle (503) 640-6000.

PENNSYLVANIA: Arrow (412) 856-7000,
(215) 928-1800; General Radio (215) 922.7037.

TEXAS: Austin: Arrow (512} 835-4180;
Kierulff (512) 835-2090; Marshall 1512) 458-5654;
Wyle (512) 834-9957; Dallas: Arrow (214) 386- 7500
International Electronics. (214) 233-9323;
Kierulff (214) 3‘&2400' Marshall (214) 233-5200;
Wyle (214) 2359

El Paso: Intemancna) Electvomcs (915) 598-3406;
Houston: Arrow (713) 530-4700;
Marshall {713) 789-6600;
Harrison Equipment (713) 879-2600;
Kierulft (713) 630-7030.

UTAH: Diplomat (801) 486-413.
Kierulff (801} 973-6913; Wyle (801) 974-9953.

VIRGINIA: Arrow (804) 282-0413.

WASHINGTON: Arrow (206) 643-4800;
Kierulff (206) 575-4420; Wyle (206) 453-8300.

WISCONSIN: Arrow (414) 764-6600;
Kierulff (414) 784-8160.

CANADA: Calgary: Future (403) 259-6408; Varah

(403) 230-1235; Edmon!on Future (403) 486-0974;
milton: Varah (416) 561-9311; Montreal:

CESCO (514) 735-5511; Fulu(e;SlA} 694-7710;

iTT Componems (514) 735-1177; Ottawa:

CESCO (613) 226-6903; Future (613) 820-8313; ITT

Components (613) 226-7406; Varah (613) 726-8884;

Quebec City: CESCO (418) 687-4231; Toronto:

CESCO (416) 661-0220; Future (416) 663-5563;

ITT Components {416) 630-7971; Vancouv

Future (604) 438-5545; Varah (604) 873-3211;

ITT Components (604) 270-7805; Winnipeg:

Varah (204) 633-6190; Edmonton:

Future (403) 486-0974. Bl




TI Worldwide
Sales Offices

ALABAMA: Huntsville: 500 W;ﬂn Drive, Suite 514,
Huntsville, AL 35805, (205) 837-7530.

ARIZONA: Phoenix: 8102 N. 23rd Ave., Suite B,
Phoenix, AZ 85021, (602) 995-1007.

CALIFORN{A: Irvine: 17891 Cartwright Rd., Irvine,
CA 92711 (714) 660 |200 Sacramento: 1900 Point
1, Sacramento, CA 9581

gm 929!521 Gln Diego: 4333 View Ridge

ite B., San Dlego CA 92123, (819) 278-
Santa Ciara: 5353 Betsy Ross Dr Santa Clara CA
95054 (408) 980-9000; Torrance: 19505 Hamilton St.,
. Suite 1, Tonanc CA 90502, (213) 217- 7010
Hills? 21220 Erwin St Woodland Hilis,
CA 91367, (213) 704-7759.

COLORADO: Aurora: 1400 S. Potomac Ave.,
Suite 101, Aurora, CO 80012, (303) 695-2800.

CONNECTICUT: Wallingford: 9 Barnes Industrial
Park Rd., Barnes Industrla! Park, Wallingford,
cT 06492 {203) 269-0074.

FLORIDA: Fi. Leuderdale: 2765 N.W. 62nd St.,

Ft. Lauderdale, FL 33309, (305) 973-8502; Maitland:
2601 Maitland Center Pnrkway Mnllland FL 32751,
(305) 660-4600; Tampa: 5010 W. Kennedy Bivd.,
Suite 101, Tampa, FL 33609, (813) 870-6420.

GEORGIA: Atlanta: 3300 Noriheast Expy., Building 9,
Atlanta, GA 30341, (404) 452-4600.

ILLINOIS: Arfington Heights: 515 W. Algonquin,
Arlington Helg"'l{ls, [N 50805 (312) &4 g?

INDIANA: Ft. w?m 2020 Inwood Dr., Ft. Wayne
IN 46815, (219) 424-5174; Indianapolls: ‘2348
(aynhuvsl uﬂe J-400, Indianapolis, IN 4624!

Ave .y

10WA: Cedar Rlpldn 373 Collins Rd. NE Suité 200,
Cedar Rapids, IA 52402, (319) 395-9550.

MARYLAND: Baltimors: 1 Rutherford Pl.,

7133 Rutherford Rd., Baltimore, MD 21207

(301) 944-8600.

MASSACHUSETTS: Waltham: 504 Totten Pond Rd.,
Waltham, MA 02154, (617) 895-9100.

MICHIGAN: anllm(on Hills: 33737 W. 12 Mile Rd.,
Farmington Hills, Mt 48018, (313) §53-1500.
MINNESOTA: Eden Prairie: 11000 W. 78th St.,

Eden Prairie, MN 55344 (812) 828-9300.

MISSOURI: Kansas City: 8080 Ward Pkwy Kansas
Cilg6 MO 84114, (816) 523-2500; St. Louis:

1 Wastline'Industrial Drive, St. Louis,
MO 63141, (314) 569-7600.

NEW JERSEY: Iselin: 485E U.S. Route 1 South,
iselin, NJ 08830 (201} 750-1050

NEW MEXICO: Pkwy

PENNSYLVANIA: Ft. thl ton: 260 New York Dr.,
Ft. Washington, PA 19034, (215) 643-6450;

Coraopolis: 420 Rouser Rd 3 Airport Oihce Park,
Coraopolis, PA 15108, (4|2) 771-8550.

PUERTO RICO: Hato Rey. Mercantil Plaza Bldg,
Suite 505, Hato Rey, PR 00918, (809) 753-8'

TEXAS: Austin: 12501 Research Bivd.

P.0. Box 2909, Austin, TX 78723 (5‘2) 250-7855,

Richardson: 1001 E. cam bell

ARichardson, TX 75080,

gw 680- 5082 Nwslon 9100 Southwest Frwy.,
uite 237, Houston, TX 77036, (713) 778-6592;

San Antonfo: 1000 Central Parkway South,

San Antonio, TX 78232, (512) 496-1779.

UTAH: Murray: 5201 South Gveen SE, Sulte 200,
Murray, UT 84107, (801) 266-897

VIRGINIA: Fairfax: 3001 Prospemy, Fairfax; VA’
22031, (703) 849-1400.

WASHINGTON: Redmond: 2723 152nd Ave,, N.E.
Bldg. 6, Redmond, WA 88052, (206) 881-3080.

WISCONSIN: Brookfield: 450 N. Sunny Slope,
Suite 150, Brooktield, Wi 53005, (414) 785-7140.

CANADA: Nepean: 301 Moodie Drive, Mailorn

Center, Nepean, Onlarlo, Canada, K2H9C4,
613) 7261970, Richmond Hill: 280 Cenlre St E..
ichmond Hill L4C1B1, Ontario, Canad.

' (416) 884-9181; St. Laurant: Ville St. Laurenl Quebac,

460 Trans Canada

! St. Laurenl Quebec,
Canada H4S1R7, (514) 334.36:

AIGENTINA, Texas Instruments Argentina
S.A1.C.F.. Esmeralda 130, 15th Floor, 1035 Buenos
Aires, Argentina, 1+ 394-296.

AUSTRALIA (& NEW ZEALAND)‘ Texas Instruments
Australia Ltd.: 6-10 Talavera Rd., North Ryde
(Sydnax), New South Wales, Australia 2113,

2, 5th Floor, 418 St. Kilda Road,
Me|bourns Victoria, Austraia 3004, 03 + 267-4677;
171 Phlhp HIghwny. Elizabeth, South Australia 5112

AUSTRIA Texas Instrumenits Ges.m.b.H.:
Ir}%zsalzleslrabe B/16, A-2345 Brunn/Gebirge,
2

BELGIUM: Texas Instruments N.V. Belgium S.A.:
Mercure Centre, Raketstraat 100, Rue de la Fusee,
1130 Brussels, Belgium, 02/720.80.00.

BRAZIL: Texas Instruments Electronicos do Brasil
Ltda.: Rua Paes.Leme, 524.7 Andar Pinheiros, 05424
Sao Paulo, Brazil, 081561686,

DENMARK: Texas Instruments A/S, Mairelundvel
4BE, DK-2730 Herlev, Denmark, 2 - 91 74 00.

FINLAND: Texas Instruments Finland
gegluasu:;:sskatu 19D 00511 Helsinki 51, Finland (90)

FRANCE: Texas Instruments France: Headquarters
and Prod Plant, BP 05, 06270 Villeneuve-Loubet,
(93) -01; Paris Office, BP 67 8-10 Avenue

NE, Albuquerque, NM 87107, (505) 3452555

NEW YORK: East Syracuse: 6365 Oid Collamer Dr.,
East Syracuse, NY 13057, (Jl.’:) 463-9291; Endicott:
112 Nanticoke Ave., P.O. Box 618, Endicott,

NY 13760, (607) 75‘0900; Melville: 1 Hun(inglon
Quadrangle, Suite 3C10, P.O. Box 2936, Melville,

, (516) 646600 lelord 851 Clover SI
Pittsford, 'NY 14534, (716) 385-6770; Poughkeepsie:
385 South Rd., Pougnkeepsle NY 12801

(914) 473-

NORTH CAROLINA: Charlotte: 8 Woodlawn Green,
Woodlawn Rd., Chaﬂolle NC 28210, (704) 527-0930;

ighwoods Bivd., Suite 100, Raleigh,
NC 2 625 (919) 76-2725.

OHI0: Beachwood: 23408 Commerce Park Rd,
Beachwood, OH 44122, (216) 464-6100; Dayton:

Ki gsley Bld9 4124 Linden Ave., Dayton, OH 15432
(513) 258-387,

OKLAHOMA: Tulsa: 7615 East 63rd Place,
3 Memorial Place, Tulsa, OK 74133, (918) 250-0633.

OREGON: Beaverton: 6700 SW 105th St., Suite 110,
Beaverton, OR 97005, (503) 643-6758.

Inler, 78141 Velizy-Villacoublay,

g) 946- 97 12; Lyon Sales Office, L'Oree D'Ecully,
atiment B, ‘Chemin de Ia Forestiere, 69130 Ecully,
(7) 833-04-40; Strasbourg Sales Office, Le Sebastopol

3, Quai Kleber 87055 Strasbourg Cede:;

(88) 22-12.66; Rennes, 2325 Rue du Puns Mauger,
35100 Rennes (99) 31-54.86; Toulouse Sales Office,
Le Perij o|e—2 Chemin du Plgeonmer de Ja Ceplere
31100 e, (61) 44-18-19; Marseille Sales Office,
(r;o;! Pzgrggls—us Rue Paradis, 13006 Marseille,

.
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GERMANY (Fed. Rtpubllc of Germany): Texas
Instruments Deutschiand GmbH: Haggertystrasse 1,
D 8050 Frals&)g 08161 +800; Kurfuerstendamm
Berlin 15, 030 + 882 7365; I, Haqen
AWKlbbelslmsse .19, D-4300 Essen, 0201-24250
Frankfurter Allee 6-8, D-6236 Eschborm 1,
06196 + 43074, Hambuvgerstrasse 11, D-2000
Hamburg 76, 040 + 220-1154, Kirchhorsterstrasse 2,
D-3000 Hannover 51, 0511 +648021; Arabellastrasse
21, D-8000 Munich 81 089 + 91 IOOG Maybachstrabe
|1 D-7302 Ostfildern 2- -Nefingen, 0711454 7001;
Mlxlkorlng 19, D-2000 Hambur; 60 040+ 637 + 0061,
Postfach 1309, Roonstrasse 16, D-5400 Koblenz,
0261 +35044.

HONG KONG (+ PEOPLES REPUBLIC OF CHINA):
Texas Instruments Asia Ltd., 8th Floor, World
Shipping Ctr., Harbour City, 7 Canton Rd., Kowloon,
Hong Kong, 3 + 7221223,

IRELAND: Texas Instruments (Ireland) Limited:
gregvsa?/ Rd., Stillorgan, County Dublin, Eire,
1

ITALY: Texas tnstruments Semiconduttori Italia Spa:
Viale Delle Scienze, 1, 02015 Cittaducale (Rieti),
Italy, 0746 694.1; Via Salaria KM 24 (Palazzo Cosma),
Mon(ewtondo Scalo (Rome), Italy, 6 + 9003241, Viate
Euro; 93 Cologno Monzese{ ilano),

02 2532541, Corsa Svizzera, 185, 10100 Torino, Italy,
011 774545 ia J. Barozzi 6, 45100 Bologna, lmy,
051 355851,

JAPAN: Texas Instruments Asia Ltd.: 4F Aoyama
Fug(l Bidg., 6-12, Kita Aoyama 3-Chome, Minato-| ku.
Tokyo, Japan 107 03-498-2111; Osaka vanch 5F,
Nissho Iwai 8ldg., 30 Imabashi 3- Chom
Higashi-ku, Osaka Japan 541, 06-204- 1581 Nagoya
Branch, 7F Daini Toyola West Bidg., 10-; 27 Meieki
Acnome Nakamurl ku Nagoya, Japan
450, 052.583-86!

KOREA: Texas lns(vumen(s Supply Co.: 3rd Floor,
Samon Bld% Yuksam:| Donsﬂeanqnamk
135 Seoul, Korea, 2+ 462-8(

MEXICO: Texas Instruments de Mexico
Poniente 116, No. 489, Colonia Valiejo, Mexlco, D.F.
02300, 567-9200.

MIDDLE EAST: Texas Instruments: No. 13, 1st Floor
Mannai Bldg., Diplomatic Area, Manama, P.O. Box
26335, Bahraln, Arabian Gult, 973 + 274681,

NETHERLANDS Texas Instruments Holland B.V.,
0. Box 12995, (Bultewijk) 1100 CB Amsterdam,
Zum oast Holland 20 + 56029

NORWAY: Texas Instruments Norw. 5({ AlS: PB106,
Refstad 131, Osio 1, Norway, (2) 15!

PHILIPPINES: Texas Insttuments Asia Ltd.: 14th
Floor, Ba- Lepanto Bidg 747 Paseo de Roxas,
Makati, Metro Manila, Philippines, 2 + 8188987,

PORTUGAL: Texas Instruments Equipamento
Eleclronicc (Portugal), Lda.: Rua Eng. Frederico

Ulrich, 2650 Moreira Da Maia, 4470 Maia, Portugat,
2:948-1003.

SINGAPORE (+ INDIA, INDONESIA, MALAYSIA,

THAILAND): Texas instruments Asia Ltd.: 12 Lorong
Bakar Batu, Uniit 01-02, Kolam Ayer Industrial Estate,
Republic of Singapore, 747-2255.

SPAIN: Texas Instruments Espana, S.A.: ClJose
Lazaro Galdlano No. 6, Madrid 16, 1/458.14.58.

Corporatlon (Sverlgsﬂlme; Box 39103, IOOSl

Stockhotm, Sweden, 08

SWITZERLAND: Texas Inslmmenls, inc., Reidstrasse
6, CH-8353 Dietikon (Zuerich) Switzertand,
1-740 2220.

TAIWAN: Texas Instruments Suppl‘ Co.: Room 903,
205 Tun Hwan Rd., 71 Sung-Kiang Road, Taipel,
Taiwan, Republic of China, 02 + 521-9321.

UNITED KINGDOM: Texas Instruments Limited:
Manton Lane, Bedford, MK41 7PA, England, 0234
87466; St. James House, Wellington Road North,
Stockport, SK4 2RT, England, 61 +442-7162. Bl
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