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4 Pin Configuration and Functions

2 13

3 12

1

5 10

INERRERERERED
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Not to scale

B (Base)

E (Emitter)

K 4-1. D Package, 14-Pin SOIC, and N Package, 14-Pin PDIP (Top View)

Z 4-1. Pin Functions

e PIN = TYPE DESCRIPTION

B (Base) 9 Output Base connection for external transistor

E (Emitter) 8 Input Emitter connection for external transistor

lo 7 Output Regulated 4mA to 20mA current loop output

Ir1 1 Output 800pA reference current output, channel 1

Iro 14 Output 800pA reference current output, channel 2

IReT 6 Input Local ground return pin for Vrgg, VUi, Ir1, @nd Iro

NC 5 — Not internally connected

Re 3.4 o Input stage gain setti_ng pins. The resistance Rg between pins 3 and 4 sets the gain of the voltage-to-
current transfer function

V+ 10 Power Loop power supply

VN - 2 Input Negative (inverting) differential voltage input

ViN+ 13 Input Positive (noninverting) differential voltage input

VUN 12 Output Linearity correction voltage output

VREG 11 Output 5.1V regulator voltage output

Copyright © 2024 Texas Instruments Incorporated
Product Folder Links: XTR105

sk 3

English Data Sheet: SBOS061


https://www.ti.com.cn
https://www.ti.com.cn/product/cn/xtr105?qgpn=xtr105
https://www.ti.com.cn/cn/lit/pdf/ZHCSV99
https://www.ti.com/feedbackform/techdocfeedback?litnum=ZHCSV99C&partnum=XTR105
https://www.ti.com.cn/product/cn/xtr105?qgpn=xtr105
https://www.ti.com/lit/pdf/SBOS061

XTR105

ZHCSV99C - FEBRUARY 1997 - REVISED OCTOBER 2024

13 TEXAS
INSTRUMENTS

www.ti.com.cn

5 Specifications

5.1 Absolute Maximum Ratings ()

MIN MAX UNIT
V+ Power supply (referenced to the Ig pin) 40 \%
ViN Input voltage, Vin+ - VN - (referenced to the I pin) 0 V+ \%
Output current limit Continuous
Ta Operating temperature -40 125 °C
T, Junction temperature 165 °C
Tstg Storage temperature -55 125 °C
Lead temperature (soldering, 10s) 300 °C

(1)  Operation outside the Absolute Maximum Ratings may cause permanent device damage. Absolute Maximum Ratings do not imply
functional operation of the device at these or any other conditions beyond those listed under Recommended Operating Conditions. If
used outside the Recommended Operating Conditions but within the Absolute Maximum Ratings, the device may not be fully
functional, and this may affect device reliability, functionality, performance, and shorten the device lifetime.

5.2 Recommended Operating Conditions

over operating free-air temperature range (unless otherwise noted)

MIN NOM MAX| UNIT
V+ Power supply (referenced to the Ig pin) 7.5 24 36 \Y
Ta Specified temperature -40 85| °C
5.3 Thermal Information
XTR105
THERMAL METRICS(") D (SOIC) N (PDIP) UNIT
14 PINS
R ya Junction-to-ambient thermal resistance 87.3 54.4 °C/W
R 0 yc(top) Junction-to-case (top) thermal resistance 47.3 314 °C/W
Rous Junction-to-board thermal resistance 46.6 25.8 °C/W
(s Junction-to-top characterization parameter 9.9 9.6 °C/W
LT Junction-to-board characterization parameter 46.1 25.3 °C/wW
R 0 ycboty Junction-to-case (bottom) thermal resistance N/A N/A °C/W

(1)  For more information about traditional and new thermal metrics, see the Semiconductor and IC package thermal metrics application

note.
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5.4 Electrical Characteristics

at Ty = +25°C, V+ = 24V, and TIP29C external transistor (unless otherwise noted)

PARAMETER TEST CONDITIONS ‘ MIN ‘ TYP MAX UNITS
OUTPUT
Output current equation V|n in volts, Rg in ohms lo=V|y % (40/Rg) + 4mA
Output current, specified range 4 20 mA
Overscale limit 24 27 30 mA
Underscale limit lrReg = OV 1.8 2.2 2.6 mA
ZERO OUTPUT " ViN=0V, Rg = o 4 mA
XTR105P, XTR105U 15 125
Initial error LA
XTR105PA, XTR105UA 15 150
XTR105P, XTR105U +0.07 0.5
vs temperature Ta= -40°Cto +85°C uA/°C
XTR105PA, XTR105UA +0.07 +0.9
vs supply voltage, V+ V+=7.5V to 36V 0.04 0.2 n AN
vs common-mode voltage Vem = 1.25V to 3.5V 0.02 u AN
vs VReg output current 0.3 v A/mA
Noise, 0.1Hz to 10Hz 0.03 u App
SPAN
Span equation (transconductance) S =40/Rg ANV
XTR105P, XTR105U +0.05 0.2
Initial error(3) Full-scale (V)y) = 50mV %
XTR105PA, XTR105UA +0.05 +0.4
vs temperature® Tao= -40 °C to +85°C +3 +25 ppm/°C
Nonlinearity, ideal input®) Full-scale (V|y) = 50mV 0.003 0.01 %
INPUT ©)
XTR105P, XTR105U 150 +100
Offset voltage Vem =2V pV
XTR105PA, XTR105UA 150 +250
XTR105P, XTR105U +0.4 1.5
vs temperature Ta= -40°C to +85°C uV/°C
XTR105PA, XTR105UA +0.4 13
vs supply voltage, V+ V+ =7.5V to 36V +0.3 +3 r VIV
. XTR105P, XTR105U +10 150
vs common-mode voltage, RTI Vey = 1.25V to 3.5V@) LV
(CMRR) XTR105PA, XTR105UA +10 +100
Common-mode input range® 1.25 35 v
XTR105P, XTR105U 25
Input bias current nA
XTR105PA, XTR105UA 50
vs temperature Ta= -40°Cto +85°C 20 PA/°C
XTR105P, XTR105U 0.2 +3
Input offset current nA
XTR105PA, XTR105UA 0.2 +10
vs temperature Ta= -40°Cto +85°C 5 pA/°C
Impedance, differential 011 GQ || pF
Common-mode 51110 GQ || pF
Noise, 0.1Hz to 10Hz 0.6 u App
Copyright © 2024 Texas Instruments Incorporated R 15 5
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5.4 Electrical Characteristics ( 4t )
at Ty = +25°C, V+ = 24V, and TIP29C external transistor (unless otherwise noted)

PARAMETER \ TEST CONDITIONS | MmN [ TYP MAX | UNITS
CURRENT SOURCES (©)
Current 800 pA
XTR105P, XTR105U +0.05 0.2
Accuracy %
XTR105PA, XTR105UA +0.05 +0.4
XTR105P, XTR105U +15 135
vs temperature Ta= -40°Cto +85°C ppm/°C
XTR105PA, XTR105UA +15 175
vs power supply, V+ V+=7.5V to 36V +10 25 ppm/V
XTR105P, XTR105U +0.02 +0.1
Matching %
XTR105PA, XTR105UA +0.02 10.2
XTR105P, XTR105U 13 115
vs temperature Ta= -40°Cto +85°C ppm/°C
XTR105PA, XTR105UA 13 130
vs power supply, V+ V+ =7.5V to 36V 1 10 ppm/V
Positive (V+)-3 (V+)-25
Compliance voltage \%
Negative@ 0 -0.2
Output impedance 150 MQ
Noise, 0.1Hz to 10Hz 0.003 u App
Vgee @ 5.1 \Y
Accuracy +0.02 0.1 \%
vs temperature Tp = -40°Cto +85°C 0.5 mV/°C
vs supply voltage, V+ 1 mV/V
Output current +1 mA
Output impedance 75 Q
LINEARIZATION
Ry N (internal) 1 kQ
XTR105P, XTR105U +0.2 0.5
Accuracy %
XTR105PA, XTR105UA +0.2 +1
vs temperature Tpo= -40°Cto +85°C 25 +100 ppm/°C

(1) Describes accuracy of the 4mA low-scale offset current. Does not include input amplifier effects. Can be trimmed to zero.
(2) Voltage measured with respect to Irgt pin.

(3) Does not include initial error or TCR of gain-setting resistor, Rg.

(4) Increasing the full-scale input range improves nonlinearity.

(5) Does not include zero output initial error.

(6) Current source output voltage Vg = 2V, with respect to Irgt pin.
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5.5 Typical Characteristics

at Tp = +25°C and V+ = 24V (unless otherwise noted)

Frequency (Hz)

A 5-3. Common-Mode Rejection vs Frequency
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A 5-5. Overscale Current vs Temperature
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& 5-6. Underscale Current vs Temperature
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5.5 Typical Characteristics (continued)

at Tp = +25°C and V+ = 24V (unless otherwise noted)

Temperature (°C)

A& 5-9. Input Bias and Offset Current vs Temperature
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5.5 Typical Characteristics (continued)

at Tp = +25°C and V+ = 24V (unless otherwise noted)
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6 Detailed Description
6.1 Overview

The XTR105 is a monolithic 4mA-to-20mA, 2-wire current transmitter with a differential voltage input. & 6-1
shows the simplified schematic of the XTR105. The loop power supply, V., provides power for all circuitry. The
output loop current is modulated by the XTR105 and is typically measured as a voltage across a series load
resistor (Rp).

The instrumentation amplifier input of the XTR105 measures the voltage difference between the noninverting
and inverting inputs. This difference is then gained up according to the value of Rg, and expressed as a
regulated current output.

The two matched 0.8mA current sources are typically used to drive an RTD and zero-setting resistor (Rz). Rz
determines the static offset of the current output and can be adjusted to correct for offset errors. A linearity
correction feature is provided to further improve the RTD response. An additional 5.1V voltage regulator output is
provided to power external circuitry such as buffer amplifiers.

VLW
b
\ Ir1
X 13
Viy © +
4
RL\N _ B I/Q
TkQ G) 100pA 9 b’
% Re YW
3 - E
\ + o
I = 100pA + -2 % 8
_ 2 — = Rg
VIN C +
9750 % % 250
/
-
¢
—_—
I = 4mA + V(22
Rg
6
o]
IRET
Kl 6-1. Simplified Schematic
10 R 15 Copyright © 2024 Texas Instruments Incorporated
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6.2 Functional Block Diagram

r——-— === r— =
I ) | XTR105 | External Sensor |
External Receiver | or RTD |
| and Loop Supply V+ Vreo |
| I » 5.1V Regulator » } [
I I
: | Irs ! Sensor Local I
| Power
| <+> Vioor | »| 800uA References Irz | (referenced | |
_ | | to IRET) |
[ I - - Vun |
| Linearity |
| | g Correction | |
| ! : | |
I Io IN+ I I
I ’ < N
I | | G = 40 Current Gain Circuit Vin- | Vsensor |
Voo | Rioap and 4-20 mALoop  [* |
| Regulator |
| | RET | |
| JI A 7'y 7y I JI
E {B VWA
Y Re

External
Transistor Q1
(recommended)

VLOAD =Rioap X lo
= Rioap X (4mA + (Vine = Vin-) X 40/ Rg)
= Rioap X (4mA + Vsensor * 40/ Rg)

6.3 Feature Description
6.3.1 Linearization

RTD temperature sensors are inherently (but predictably) nonlinear. With the addition of one or two external
resistors, R jy1 and R N2, compensation is possible for most of this nonlinearity by using the V| linearity
correction feature of the XTR105. This results in a 40:1 improvement in linearity over the uncompensated output.

See K 7-1 for a typical 2-wire RTD application with linearization. Resistor R jy1 provides positive feedback and
controls linearity correction. Ry y1 is chosen according to the desired temperature range. An equation is given in

Kl 7-1.

In 3-wire RTD connections, an additional resistor, R N2, is required. As with the 2-wire RTD application, R N1
provides positive feedback for linearization. R y2 provides an offset canceling current to compensate for wiring
resistance encountered in remotely located RTDs. R y¢ and Ry n2 are chosen such that the currents are equal.
This makes the voltage drop in the wiring resistance to the RTD a common-mode signal that is rejected by the
XTR105. The nearest standard 1% resistor values for R jy1 and R 2 are adequate for most applications. 3% 7-1
provides the 1% resistor values for a 3-wire Pt100 RTD connection.

If no linearity correction is desired, leave the V| |y pin open. With no linearization, Rg = 2500m x Vg, where Vgg
= full-scale input range.

6.3.1.1 High-Resistance RTDs

The text and figures thus far have assumed a Pt100 RTD. With higher resistance RTDs, evaluate the
temperature range and input voltage variation to maintain proper common-mode biasing of the inputs. As
mentioned previously, Rgy can be adjusted to provide an additional voltage drop to bias the inputs of the
XTR105 within the common-mode input range.
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6.3.2 Voltage Regulator

The VReg pin provides an on-chip voltage source of approximately 5.1V and is designed for powering external
input circuitry (as shown in ¥ 6-2). This source is a moderately accurate voltage reference, and is not the same
reference used to set the 800uA current references. Vreg is capable of sourcing approximately 1mA of current.
Exceeding 1mA can affect the 4mA zero output.

lreg < TMA
-~ 5V
Q : 12
+ V+ 1
+ V
\/ " 1 LlN |1\ wl,
Type J OPA2335 Vin Ire v
REG
_ V+
- R; 4
R 9 A1
% Roo R 12500 XTR105 B —
10kQ s
K RG E 8
IO
% 1kQ 2| Vin [ S S U
OPA2335 (-
lo = 4mA + (Vi — Vi) 20
50Q V- 6 Rg
% 250 Re = 1250Q

W :
I_H_I (G=1+2EF = 50)

& 6-2. Thermocouple Low Offset, Low Drift Loop Measurement With Diode Cold Junction Compensation
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6.3.3 Open-Circuit Protection

Optional transistor Q5 in 6-3 provides predictable behavior with open-circuit RTD connections. If any one of
the three RTD connections is broken, the XTR105 output current goes to either the high current limit (= 27mA) or
low current limit (= 2.2mA). This state is easily detected as an out-of-range condition.

% Run® % R
4 Re
(1) 9
Rg XTR105 B Q,

3
Rg E 8

2| - lo
Vin 7

) ) IReT
EQUAL line resistances here % R, |1 & lo

creates a small common-mode
voltage which is rejected by

the XTR105. \ 2 1

[ N %RCM=1OOO£Z 0.01uF
SR S R | o

NOTES: (1) See Table | for resistor equations and
RTD Q,®@ 1% values. (2) Q, optional. Provides predictable
2N2222 output current if any one RTD connection is
broken:
OPEN RTD 1
TERMINAL | ©
1 = 2.2mA
. . L 2 =27mA
Resistance in this line causes 3 ~2.2mA

a small common-mode voltage
which is rejected by the XTR105.

& 6-3. Remotely Located RTDs With a 3-Wire Connection

6.3.4 Reverse-Voltage Protection

The XTR105 low compliance rating (7.5V) permits the use of various voltage protection methods without
compromising operating range. ¥ 6-4 shows a diode bridge circuit that allows normal operation even when the
voltage connection lines are reversed. The bridge causes a two diode drop (approximately 1.4V) loss in loop-
supply voltage. This results in a compliance voltage of approximately 9V—satisfactory for most applications. If a
1.4V drop in loop supply is too much, a diode can be inserted in series with the loop-supply voltage and the V+
pin. This protects against reverse output connection lines with only a 0.7V loss in loop-supply voltage.
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6.3.5 Surge Protection

Remote connections to current transmitters are sometimes subjected to voltage surges. Limit the maximum
surge voltage applied to the XTR105 to the lowest practical value. Various zener diodes and surge clamping
diodes are specially designed for this purpose. Select a clamp diode with as low a voltage rating as possible for
best protection. For example, a 36V protection diode allows proper transmitter operation at normal loop voltages,
yet provides an appropriate level of protection against voltage surges. The XTR105 is specified to an absolute
maximum loop voltage of 40V.

Most surge protection zener diodes have a diode characteristic in the forward direction that conducts excessive
current, possibly damaging receiving-side circuitry, if the loop connections are reversed. If a surge protection
diode is used, use a series diode or diode bridge for protection against reversed connections.

(1) 36V Zener diode, such as 1N4753A or PEBKE39A. Use lower-voltage Zener diodes with loop power-supply voltages < 30V for
increased protection.

Kl 6-4. Reverse Voltage Operation and Overvoltage Surge Protection

6.4 Device Functional Modes

The device has one mode of operation that applies when operated within the Recommended Operating
Conditions.

14 FEX IR 7 Copyright © 2024 Texas Instruments Incorporated

Product Folder Links: XTR105
English Data Sheet: SBOS061


https://www.ti.com.cn/product/cn/xtr105?qgpn=xtr105
https://www.ti.com.cn/cn/lit/pdf/ZHCSV99
https://www.ti.com.cn
https://www.ti.com/feedbackform/techdocfeedback?litnum=ZHCSV99C&partnum=XTR105
https://www.ti.com.cn/product/cn/xtr105?qgpn=xtr105
https://www.ti.com/lit/pdf/SBOS061

13 TEXAS
INSTRUMENTS XTR105
www.ti.com.cn ZHCSV99C - FEBRUARY 1997 - REVISED OCTOBER 2024

7 Application and Implementation

#HiE
PAR RS o 145 BANE T T1 8RR e L, TR AR LR MR se et . T 1% 7 N f 3 e
SR TG TR . P RIIE S F IR B, AR R G T RE

7.1 Application Information

7-1 shows the basic connection diagram for the XTR105. The loop power supply, Vps, provides power for all
circuitry. Output loop current is measured as a voltage across the series load resistor, R|.

Two matched 0.8mA current sources drive the RTD and zero-setting resistor, Rz. The instrumentation amplifier
input of the XTR105 measures the voltage difference between the RTD and Rz. The value of Rz is chosen to be
equal to the resistance of the RTD at the low-scale (minimum) measurement temperature. Rz can be adjusted to
achieve 4mA output at the minimum measurement temperature to correct for input offset voltage and reference
current mismatch of the XTR105.

Rcm provides an additional voltage drop to bias the inputs of the XTR105 within the common-mode input range.
Bypass Rgy with a 0.01uF capacitor to minimize common-mode noise. Resistor Rg sets the gain of the
instrumentation amplifier according to the desired temperature range. R n1 provides 2nd-order linearization
correction to the RTD, typically achieving a 40:1 improvement in linearity. An additional resistor is required for 3-
wire RTD connections (see [ 6-3).

The transfer function through the complete instrumentation amplifier and voltage-to-current converter is:
lo=4mA + V) x (40 / Rg)

(VN in volts, Rg in ohms)

where V| is the differential input voltage.

A negative input voltage, V|y, causes the output current to be less than 4mA. Increasingly negative V|y causes
the output current to limit at approximately 2.2mA. See also typical characteristic Under-Scale Current vs
Temperature.

Increasingly positive input voltage (greater than the full-scale input) produces increasing output current
according to the transfer function, up to the output current limit of approximately 27mA. See also typical
characteristic Over-Scale Current vs Temperature.

As evident from the transfer function, if no Rg is used the gain is zero and the output is simply the XTR105’ s
zero current. The value of Rg varies slightly for 2-wire RTD and 3-wire RTD connections with linearization. Rg
can be calculated from the equations given in 7-1 (2-wire RTD connection) and % 7-1 (3-wire RTD
connection).

The IreT pin is the return path for all current from the current sources and Vigg. The IgreT pin allows any current
used in external circuitry to be sensed by the XTR105 and to be included in the output current without causing
an error.

Copyright © 2024 Texas Instruments Incorporated TR 15 15

Product Folder Links: XTR105
English Data Sheet: SBOS061


https://www.ti.com.cn
https://www.ti.com.cn/product/cn/xtr105?qgpn=xtr105
https://www.ti.com.cn/cn/lit/pdf/ZHCSV99
https://www.ti.com/feedbackform/techdocfeedback?litnum=ZHCSV99C&partnum=XTR105
https://www.ti.com.cn/product/cn/xtr105?qgpn=xtr105
https://www.ti.com/lit/pdf/SBOS061

13 TEXAS
XTR105 INSTRUMENTS
ZHCSV99C - FEBRUARY 1997 - REVISED OCTOBER 2024 www.ti.com.cn

A 7-1. Basic 2-Wire RTD Temperature Measurement Circuit With Linearization
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# 7-1. Rz, Rg, R n1, and Ry n2 Standard 1% Resistor Values for 3-Wire Pt100 RTD Connection With

Linearization
MEASUREMENT TEMPERATURE SPAN AT (°C)
T 100°c | 200°c | 300°c | 400°c | s00°c | e00°c | 700°c | 8oo°c | seo0°c | 1000°C
—200°C [18.7/86.6 |18.7/169 [18.7/255 | 18.7/340 | 18.7/422 | 18.7/511 | 18.7/590 | 18.7/665 | 18.7/750 | 18.7/845
15000 9760 8060 6650 5620 4750 4020 3480 3090 2740
16500 | 11500 | 10000 8870 7870 7150 6420 5900 5360 4990

—100°C |60.4/80.6 | 60.4/162 |60.4/243 | 60.4/324 | 60.4/402 | 60.4/487 | 60.4/562 | 60.4/649 | 60.4/732
27400 15400 10500 7870 6040 4990 4220 3570 3090
29400 17800 13000 10200 8660 7500 6490 5900 5360

0°C 100/78.7 | 100/158 | 100/237 | 100/316 | 100/392 | 100/475 | 100/549 | 100/634

33200 | 16200 | 10500 7680 6040 4870 4020 3480
35700 | 18700 [ 13000 | 10000 8250 7150 6340 5620
100°C | 137/75 | 137/150 |[137/226 | 137/301 | 137/383 | 137/453 | 137/536 _
31600 | 15400 | 10200 7500 5760 4750 3920 \ MR, /R; |
34000 | 17800 | 12400 9760 8060 6810 6040 | Runs
200°C | 174/73.2 | 1741147 [174/221 | 174/294 | 174/365 | 174/442 L Runve
30900 | 15000 9760 7150 5620 4530
33200 | 17400 [ 12100 9310 7680 6490
300°C | 210/71.5 | 210/143 | 210/215 | 210/287 | 210/357
30100 | 14700 9530 6980 5360

32400 16500 11500 8870 7320

NOTE: The values listed in this table are 1% resistors (in 2).

400°C [ 249/68.1 | 249/137 | 249/205 | 249/274 Exact values may be calculated from the following equa-
28700 | 14000 | 9090 6650 tions:
30900 16200 11000 8450
500°C 280/66.5 | 2801133 | 280/200 R; = RTD resistance at minimum measured temperature.
28000 | 13700 | 8870 2R, -R,)(R =R,)
30100 | 15400 | 10500 Re="—R—r)
600°C 316/64.9 | 313/130
26700 | 13000 R —_RunRp =Ry
28700 | 14700 UNTT2(2R, - R, —Ry)
700°C 348/61.9
26100 R = RuntREIR, =Ry
27400 HNZ = 2(2R, - R, —Ry)
800°C 374/60.4
24900 where: R; = RTD resistance at (T, + T,,,0/2
26700

R, = RTD resistance at T,,,,

Ry = 1kQ (Internal)

EXAMPLE:
The measurement range is —100°C to +200°C for a 3-wire Pt100 RTD connection. Determine the values for Rs, Rg, Ryt and Ry y,. Look up the values
from the chart or calculate the values according to the equations provided.

METHOD 1: TABLE LOOK UP
For Tyyn = =100°C and AT = -300°C, the 1% values are:

R, = 60.4Q Runs = 10.5kQ
Rg = 243Q Runz = 13kQ
METHOD 2: CALCULATION Calculation of Pt100 Resistance Values
Step 1: Determine R;, R;, and R,. (according to DIN IEC 751)
R; is the RTD resistance at the minimum measured temperature, Tyyy = =100°C. (Equation 1)  Temperature range from —200°C to 0°C:
Using Equation 1 at right gives R, = 60.25Q (1% value is 60.4€). R = 100 [1 + 3.90802 + 1073 + T — 0.5802 « 1075 »

2_ 1012 (T = 3
R, is the RTD resistance at the maximum measured temperature, Tyax = 200°C. T# - 4.27350 = 107 (T - 100) T7]

Using Equation 2 at right gives R, = 175.840. (Equation 2)  Temperature range from 0°C to +850°C:

R; is the RTD resistance at the midpoint measured temperature, Rer = 100 (1 + 3.90802 * 103+ T -0.5802+ 106+ T,
Twip = (Twin + Tmax) /2 = 50°C. Ry is NOT the average of R; and R,.
Using Equation 2 at right gives Ry = 119.40Q. where: R(y) is the resistance in Q at temperature T.

T is the temperature in °C.

Step 2: Calculate Rg, Ry, and Ry, using equations above.
Re = 242.3Q (1% value is 243Q) NOTE: Most RTD manufacturers provide reference tables for
Rﬁm _ 1(') 413kQ (1% value is 10.5kQ) resistance values at various temperatures.

Rinz = 12.936kQ (1% value is 13kQ)
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7.1.1 External Transistor

Transistor Q4 conducts the majority of the signal-dependent 4-20mA loop current. Using an external transistor
isolates the maijority of the power dissipation from the precision input and reference circuitry of the XTR105,
maintaining excellent accuracy.

The external transistor is inside a feedback loop; therefore, the transistor characteristics are not critical.
Requirements are: Vego = 45V min, 8 = 40 min, and Pp = 800mW. Power dissipation requirements can be
lower if the loop power-supply voltage is less than 36V. Some possible choices for Q4 are listed in & 7-1.

The XTR105 operates without this external transistor; however, accuracy is somewhat degraded as a result of
the internal power dissipation and resulting self-heating. Operation without Q4 is not recommended for extended
temperature ranges. A resistor (R = 3.3kQ2) connected between the Iget pin and the E (emitter) pin is advised for
operation below 0°C without Q to support the full 20mA full-scale output, especially with V+ near 7.5V.

XTR105 -

For operation without an external
transistor, connect a 3.3kQ
resistor between pin 6 and pin 8.
See text for discussion

of performance.

& 7-2. Operation Without an External Transistor

7.1.2 Loop Power Supply

The voltage applied to the XTR105, V+, is measured with respect to the Io connection, pin 7. V+ can range from
7.5V to 36V. The loop-supply voltage, Vps, differs from the voltage applied to the XTR105 according to the
voltage drop on the current sensing resistor, R, (plus any other voltage drop in the line).

If a low loop-supply voltage is used, R (including the loop wiring resistance) must be made a relatively low value
so that V+ remains 7.5V or greater for the maximum loop current of 20mA:

(V+)-7.5V

R, max =
20mA

)_RWIRING

For loop currents up to 30mA, design for V+ equal or greater than 7.5V to allow for out-of-range input conditions.

The low operating voltage (7.5V) of the XTR105 allows operation directly from personal computer power
supplies (12V £5%). When used with the RCV420 current loop receiver (see 7-3), the load resistor voltage
drop is limited to 3V.
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1N4148

. 1
Re -

Ry Rg BI2 Q, —=0.01uF
5760Q 4020 XTR105 !

3 R E|8

G
15 Vo=0to 5V
2| Vin

lo = 4mA — 20mA

Pt100
100°C to
600°C

YW

IRET
RTD R,
137Q

@)
=12V
Rew = 1kQ
\/\/\/\ . NOTE: A 2-wire RTD connection is shown. For remotely
located RTDs, a 3-wire RTD conection is recommended.
0.01uF Rg becomes 383Q, R, y, is 8060Q. See Figure 3 and
Table I.

& 7-3. £12V Powered Transmitter-Receiver Loop

7.1.3 2-Wire and 3-Wire RTD Connections

In & 7-1, the RTD can be located remotely simply by extending the two connections to the RTD. With this
remote 2-wire connection to the RTD, line resistance introduces error. This error can be partially corrected by
adjusting the values of Rz, Rg, and R n1-

A better method for remotely located RTDs is the 3-wire RTD connection (see & 6-3). This circuit offers
improved accuracy. Rz’ s current is routed through a third wire to the RTD. Assuming line resistance is equal in
RTD lines 1 and 2, this produces a small common-mode voltage that is rejected by the XTR105. A second
resistor, R N2, is required for linearization.

Note that although the 2-wire and 3-wire RTD connection circuits are very similar, the gain-setting resistor, Rg,
has slightly different equations:

. R. = 2R1(R; +Rz) = 4(R;Rz)
2-wire: G= R, —R
> —Ry

-wire: Rg =
3-wire: G R, -R

where

* Rz =RTD resistance at Tyn
+ Ry =RTD resistance at (Tyn *+ Tmax) / 2
* R, =RTD resistance at Tyyax

To maintain good accuracy, use at least 1% (or better) resistors for Rg. & 7-1 provides standard 1% Rg resistor
values for a 3-wire Pt100 RTD connection with linearization.
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7.1.4 Radio Frequency Interference

The long wire lengths of current loops invite radio frequency (RF) interference. RF can be rectified by the
sensitive input circuitry of the XTR105, causing errors. This generally appears as an unstable output current that
varies with the position of loop supply or input wiring.

If the RTD sensor is remotely located, the interference can enter at the input terminals. For integrated transmitter
assemblies with short connections to the sensor, the interference more likely comes from the current loop
connections.

Bypass capacitors on the input reduce or eliminate this input interference. Connect these bypass capacitors to
the Iget terminal (see &l 7-4). Although the dc voltage at the IgeT terminal is not equal to OV (at the loop supply,
Vpsg), this circuit point can be considered the transmitter ground. The 0.01uF capacitor connected between V+
and lg can help minimize output interference.

1kQ
4 Re
Ri Riinz 9
o—\/\/\/\—»—\/\/\/\—o Rg XTR105 B —— 0.01pF
3
Rg E 3
lo
lret i
|
% R I 16 X
0.01yF —— == 0.01pF I |
|
: |
|
. ! |
l :
RTD I ! I
|
! I
e e T
! i
Rem | I
0.01pF NOTE: (1) Bypass capacitors can be connected
| to either the Iger pin or the | pin.

1
B 7-4. Input Bypassing Technique With Linearization

7.1.5 Error Analysis

Many applications require adjustment of initial errors. Input offset and reference current mismatch errors can be
corrected by adjustment of the zero resistor, Rz. Adjusting the gain-setting resistor, Rg, corrects any errors
associated with gain.

#* 7-2 shows how to calculate the effect of various error sources on the circuit accuracy. A sample error
calculation for a typical RTD measurement circuit (Pt100 RTD, 200°C measurement span) is provided. The
results reveal the XTR105 excellent accuracy, in this case 1.1% unadjusted. Adjusting resistors Rg and Rz for
gain and offset errors improves circuit accuracy to 0.32%. These are worst-case errors; maximum values were
used in the calculations and all errors were assumed to be positive (additive). The XTR105 achieves
performance that is difficult to obtain with discrete circuitry and requires less space.
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Z& 7-2. Error Calculation

SAMPLE ERROR CALCULATION

RTD value at 4mA output (Rgp min): 100 Q

RTD measurement range: 200°C

Ambient temperature range (A T ,): 20°C

Supply voltage change (A V+): 5V

Common-mode voltage change (A CM): 0.1V

ERROR
(ppm of Full Scale)
ERROR SOURCE ERROR EQUATION SAMPLE ERROR CALCULATION™ UNADJ. ADJUST.
INPUT
Input offset voltage Vos ! (Vinmax) X 108 1001V /(8001 A x 0.38Q/°C x 200°C) x 108 1645 0
vs common-mode CMRR - A CM/(V\ max) X 108 506u VIV x 0.1V /(8001 A x 0.38Q/°C x 200°C) x 82 82
10
Input bias current Ig / Irgr x 108 0.025u A /800u A x 108 31 0
Input offset current los* Rrro min / (Vi max) X 108 3nA x 100Q /(8001 A x 0.38Q/°C x 200°C) x 108 5 0
Total Input Error: 1763 82
EXCITATION
Current reference accuracy Irer accuracy (%) / 100% x 108 0.2% / 100% x 10° 2000 0
vs supply (IRer Vs V+) x AV+ 25ppm/V x 5V 125 125
Current reference matching Irer matching (%) / 100% % 800 1 A x Rryp {0.1% / 100% x 8001 A x 100Q /(8001 A x 1316 0
min 7 (Vin max) x 108 0.382/°C x 200°C) x 106
vs supply (Irer matching vs V+) x AV+ x Rerpmin/ | 10ppm/V x 5V x 8001 A x 100Q /(8001 A x 66 66
(Vin max) 0.38Q/°C x 200°C)
Total Excitation Error: 3507 191
GAIN
Span Span error (%) / 100% x 108 0.2% / 100% x 108 2000 0
Nonlinearity Nonlinearity (%) / 100% x 108 0.01% / 100% x 108 100 100
Total Gain Error: 2100 100
OUTPUT
Zero output (Izero - 4mA)/ 16000 1 A x 108 251 A /16000 1 A x 108 1563 0
Vs supply (Izero VS V+) x AV+/16000 1 A x 108 0.21 AV x5V /160001 A x 108 63 63
Total Output Error: 1626 63
DRIFT (ATp =20°C)
Input offset voltage Drift x AT/ (Vin max) * 108 1.5611 V/°C x 20°C /(800 1 A x 0.38Q/°C x 200°C) x 493 493
10
Input bias current (typical) Driftx A T , /8001 A x 108 20pA/°C x 20°C /800 1 A x 108 0.5 0.5
Input offset current (typical) Drift x A T » x Rrrpmin/ (Vin max) X 108 5pA/°C x 20°C x 100W / (800 1 A x 0.38Q/°C x 0.2 0.2
200°C) x 108
Current reference accuracy Drift - A T 4 35ppm/°C x 20°C 700 700
Current reference matching Driftx A T , x 8001 A x Rrrpmin/ (Vin 15ppm/°C x 20°C x 8001 A x 100Q /(800 1 A x 395 395
MAX) 0.382/°C x 200°C)
Span Driftx A T , 25ppm/°C x 20°C 500 500
Zero output Drift x A T , /16000 1 A x 108 0.5u A/°C x 20°C /16000 1 A x 108 626 626
Total Drift Error: 2715 2715
NOISE (0.1Hz to 10Hz, typical)
Input offset voltage Vi / (Vin max) x 108 0.61V/(8001 A x0.38Q/°C x 200°C) x 108 10 10
Current reference Irer noise x Rgrp min / (Vin max) * 108 3nA x100Q /(8001 A x 0.38Q/°C x 200°C) x 108 5 5
Zero output Izero Noise / 16000 1 A x 108 0.031 A /160001 A x 108 2 2
Total Noise Error: 17 17
Copyright © 2024 Texas Instruments Incorporated R 15
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% 7-2. Error Calculation ( 4£)
SAMPLE ERROR CALCULATION

RTD value at 4mA output (Rgp min): 100 Q

RTD measurement range: 200°C

Ambient temperature range (A T ,): 20°C

Supply voltage change (A V+): 5V

Common-mode voltage change (A CM): 0.1V

ERROR
(ppm of Full Scale)
ERROR SOURCE ERROR EQUATION SAMPLE ERROR CALCULATION™ UNADJ. ADJUST.
TOTAL ERROR: 11728 3168
(1.17%) (0.32%)

(1)  All errors are minimum and maximum, and referred to input, unless otherwise stated.

Copyright © 2024 Texas Instruments Incorporated
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7.2 Typical Applications

% RL|N1

% RLINZ

1N4148

+15V

J'—‘IpF

E 0
— TuF
+——0-15V

Isolated Power
from PWS740

XTR105

lo = 4mA — 20mA
RTD
NOTE: A 3-wire RTD connection is shown.
For a 2-wire RTD connection eliminate R y,.
Rey = 1kQ
Wy
0.01uF
K 7-5. Isolated Transmitter-Receiver Loop

1.6mA
-

13

4
Re

3

Ry = 1kQO
\/\/\/\ NOTE: (1) Use Ry, to adjust the
common-mode voltage to within
I I 1.25V to 3.5V.
7-6. Bridge Input, Current Excitation
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7.3 Layout

7.3.1 Layout Guidelines

The XTR105 is typically used with an external transistor (Q) to regulate the power dissipation of the 4-20mA
loop. This allows the resulting localized self-heating to be distanced from the precision circuitry of the XTR105
and reduces over-temperature drift errors.

The XTR105 can be used without the Q4 transistor if the application requirements do not lead to violation of the
device Absolute Maximum Requirements, such as the maximum junction temperature. Calculate the peak power
dissipation and multiply by thermal resistance to determine the associated junction temperature rise. Minimize
overheat conditions for reliable long-term operation.

Place supply bypass capacitors close to the package and make connections with low-impedance conductors.
Reduce trace lengths for Rg to minimize coupled environmental noise. If the loop power supply is electrically
noisy, implement filtering using decoupling capacitors and small resistors or dampening inductors in series with
V+.

24 FEX IR 7 Copyright © 2024 Texas Instruments Incorporated
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8 Device and Documentation Support

Tl offers an extensive line of development tools. Tools and software to evaluate the performance of the device,
generate code, and develop solutions are listed below.

8.1 Documentation Support
8.1.1 Related Documentation

For related documentation see the following:

* Texas Instruments, Special Function Amplifiers Precision Labs video series on Current Loop Transmitters

» Texas Instruments, Analog Linearized 3-Wire PT100 RTD to 2-Wire 4-20mA Current Loop Transmitter
reference design with XTR105

* Texas Instruments, Analog Linearization of Resistance Temperature Detectors technical article

* Texas Instruments, A Basic Guide to RTD Measurements application note
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9 Revision History
T DU RS B TR T BE -5 24 RS 1) RS AN (]

Changes from Revision B (August 2004) to Revision C (October 2024) Page
s WINT FIBIBIEFIZ)GE MRS ESD SER. BRIETTHF FIEREIGE TEW . . DIRETTRER. FFE
. AOFDIFEREC. W FISEHY HZERIHT Hifa i aiER . PRI TF LR 2/ FA A 1T I
152 PSSR 1
T NN T T B8 oottt ettt h e e sttt a st 1
o HHTEA ST RIRRE . BRI BRI THE T e 1
LYo (o [= Yo I o T T ¥ T Yo o ¢ 3 = o 1= TSP 3
* Moved operating and storage temperature parameters from Electrical Characteristics to Absolute Maximum
FRAEINGS ettt oo e e e et e e e e e e oo e e e e e et e e e e e e e e e nee s 4
* Changed minimum operating temperature from -55°C to —40°C in Absolute Maximum Ratings ..................... 4
Copyright © 2024 Texas Instruments Incorporated TR 15 25

Product Folder Links: XTR105
English Data Sheet: SBOS061


https://www.ti.com/video/series/special-function-amplifiers.html
https://www.ti.com/tool/TIPD161
https://www.ti.com/tool/TIPD161
https://www.ti.com/lit/pdf/SLYT442
https://www.ti.com/lit/pdf/SBAA275
https://www.ti.com
https://e2e.ti.com
https://www.ti.com/corp/docs/legal/termsofuse.shtml
https://www.ti.com/lit/pdf/SLYZ022
https://www.ti.com.cn
https://www.ti.com.cn/product/cn/xtr105?qgpn=xtr105
https://www.ti.com.cn/cn/lit/pdf/ZHCSV99
https://www.ti.com/feedbackform/techdocfeedback?litnum=ZHCSV99C&partnum=XTR105
https://www.ti.com.cn/product/cn/xtr105?qgpn=xtr105
https://www.ti.com/lit/pdf/SBOS061

13 TEXAS

XTR105 INSTRUMENTS
ZHCSV99C - FEBRUARY 1997 - REVISED OCTOBER 2024 www.ti.com.cn

Moved specified temperature and power-supply parameters from Electrical Characteristics to Recommended

OPEratiNng CONGILIONS .........oiiieeii ettt ekt e oottt e e s a b e e et e e aabb s et e e s anbb et e e e anbee e e e s annneeee s 4
Deleted thermal resistance, ¢ jp parameters in Electrical Characteristics and replaced with detailed thermal
model parameters in Thermal INFOIMALION ...............oooo oottt e e e e e et e e e e e e e e e e e e aannnnnes 4
Updated formatting of Electrical CharacteristiCs table..............c..ooiiiiiiiiii e 5
Changed Voltage accuracy vs temperature typical specification from £0.2mV/°C to £0.5mV/°C in Electrical

(O] =T 1oy = 1o R PPRRPUPRRR 5
Updated Figure 5-2, SED RESPOMNSE .........uueiiiiiiiie et ete e e e ee e e e ettt e e e s astae e e e s sstaeeeessnbeeeeeesastaeeeesasaeeeeeans 7
Updated Figure 5-8, Zero Output and Reference Current Noise vS FreQuency ............cccccoceveeeiciineeeeccinneennnne 7
Changed description of maximum loop-supply voltage to specified absolute maximum rating in Surge
(0] =T o1 1o ) USSR 14
Updated suggested Zener diode part numbers in Figure 6-4, Reverse Voltage Operation and Overvoltage

N Y0 [go L= 0] (=T 1[0 ¢ PRSP 14
Updated suggested transistor part numbers in Figure 7-1, Basic 2-Wire RTD Temperature Measurement

(O o0 1 g B [0 T=T Ty 74 11 o PSR 15
Moved Adjusting Initial Errors into Error AnalySisS SECHON ...........ccooiiiiiiieieeeeerr s e e e e e e e e e e e e eeeeanes 20

10 Mechanical, Packaging, and Orderable Information

The following pages include mechanical, packaging, and orderable information. This information is the most
current data available for the designated devices. This data is subject to change without notice and revision of
this document. For browser-based versions of this data sheet, refer to the left-hand navigation.
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PACKAGING INFORMATION

Orderable part number Status  Material type Package | Pins Package qty | Carrier RoOHS Lead finish/ MSL rating/ Op temp (°C) Part marking
@ @ ® Ball material Peak reflow ©)
@ ©)
XTR105P Active Production PDIP (N) | 14 25| TUBE Yes Call Tl N/A for Pkg Type -40 to 85 XTR105P
A
XTR105P.A Active Production PDIP (N) | 14 25| TUBE Yes Call Tl N/A for Pkg Type -40 to 85 XTR105P
A
XTR105PA Active Production PDIP (N) | 14 25| TUBE Yes Call Tl N/A for Pkg Type -40 to 85 XTR105P
A
XTR105PA.A Active Production PDIP (N) | 14 25| TUBE Yes Call Tl N/A for Pkg Type -40 to 85 XTR105P
A
XTR105U Obsolete Production SOIC (D) | 14 - - Call Tl Call Tl -40 to 85 XTR105U
XTR105UA Obsolete Production SOIC (D) | 14 - - Call Tl Call Tl -40 to 85 XTR105U
A
XTR105UA/2K5 Active Production SOIC (D) | 14 2500 | LARGE T&R Yes NIPDAU Level-3-260C-168 HR -40to 85 (XTR105U, XTR105UA
)
A
XTR105UA/2K5.B Active Production SOIC (D) | 14 2500 | LARGE T&R Yes NIPDAU Level-3-260C-168 HR -40 to 85 (XTR105U, XTR105UA
)
A

@ status: For more details on status, see our product life cycle.

@ Material type: When designated, preproduction parts are prototypes/experimental devices, and are not yet approved or released for full production. Testing and final process, including without limitation quality assurance,
reliability performance testing, and/or process qualification, may not yet be complete, and this item is subject to further changes or possible discontinuation. If available for ordering, purchases will be subject to an additional
waiver at checkout, and are intended for early internal evaluation purposes only. These items are sold without warranties of any kind.

® RoHS values: Yes, No, RoHS Exempt. See the TI RoHS Statement for additional information and value definition.

) |ead finish/Ball material: Parts may have multiple material finish options. Finish options are separated by a vertical ruled line. Lead finish/Ball material values may wrap to two lines if the finish value exceeds the maximum
column width.

® msL rating/Peak reflow: The moisture sensitivity level ratings and peak solder (reflow) temperatures. In the event that a part has multiple moisture sensitivity ratings, only the lowest level per JEDEC standards is shown.
Refer to the shipping label for the actual reflow temperature that will be used to mount the part to the printed circuit board.

© part marking: There may be an additional marking, which relates to the logo, the lot trace code information, or the environmental category of the part.
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Multiple part markings will be inside parentheses. Only one part marking contained in parentheses and separated by a "~" will appear on a part. If a line is indented then it is a continuation of the previous line and the two
combined represent the entire part marking for that device.

Important Information and Disclaimer:The information provided on this page represents TI's knowledge and belief as of the date that it is provided. Tl bases its knowledge and belief on information provided by third parties, and
makes no representation or warranty as to the accuracy of such information. Efforts are underway to better integrate information from third parties. Tl has taken and continues to take reasonable steps to provide representative
and accurate information but may not have conducted destructive testing or chemical analysis on incoming materials and chemicals. Tl and TI suppliers consider certain information to be proprietary, and thus CAS numbers
and other limited information may not be available for release.

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by Tl to Customer on an annual basis.
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
4 |+ KO [¢—P1—
L Regic oy Rogic e o T
o| |e o Bo W
el |
. Diameter ' '
Cavity —>| AO |<—
A0 | Dimension designed to accommodate the component width
B0 | Dimension designed to accommodate the component length
KO | Dimension designed to accommodate the component thickness
A W | Overal width of the carrier tape
i P1 | Pitch between successive cavity centers
[ [ ]
_f Reel Width (W1)
QUADRANT ASSIGNMENTSFOR PIN 1 ORIENTATION IN TAPE
O O O O 0O O 0 O0 Sprocket Holes
| |
T T
L@l e )
H4-—q--4 t--1--1
Q3 1 Q4 Q3 | User Direction of Feed
[ .4 |
T T
N
Pocket Quadrants
*All dimensions are nominal
Device Package |Package|Pins| SPQ Reel Reel A0 BO KO P1 w Pinl
Type |Drawing Diameter| Width | (mm) | (mm) | (mm) [ (mm) [ (mm) |Quadrant
(mm) |W1(mm)
XTR105UA/2K5 SolIC D 14 2500 330.0 16.4 6.5 9.0 2.1 8.0 16.0 Q1
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TAPE AND REEL BOX DIMENSIONS

*All dimensions are nominal

Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
XTR105UA/2K5 SOIC D 14 2500 353.0 353.0 32.0
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TUBE

T - Tube
height L - Tubelength

< n < n
« Lt < Lt

*
w-Tube| I U U _
> width %%
; v

— B - Alignment groove width

\ 4

*All dimensions are nominal

Device Package Name |Package Type Pins SPQ L (mm) W (mm) T (um) B (mm)
XTR105P N PDIP 14 25 506 13.97 11230 4.32
XTR105P.A N PDIP 14 25 506 13.97 11230 4.32
XTR105PA N PDIP 14 25 506 13.97 11230 4.32
XTR105PA.A N PDIP 14 25 506 13.97 11230 4.32
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PACKAGE OUTLINE
SOIC - 1.75 mm max height

DO014A

SMALL OUTLINE INTEGRATED CIRCUIT

e 27vp SEATING PLANE——"
PIN 1 ID 01[Cl~
(- ) 14 e =Y
1] e ‘
— == ]
§ |
| ] il
8.75 8 2X :
8.55
WL — [ )
|
| ] H
— ) ]
il |
7 e |
¥ 8 0.51 T |
14X o
4.0 0.31 L
8] 3.8 |4 [0.2500 [c|AB] —=1.75 MAX

e —

NOTE 4
e |
/i Ny
Ny . T
— 0.25
/\* SEE DETAIL A 0.13 e -
0.25

GAGE PLANE

o"-aa"&—1

_—

DETAIL A
TYPICAL

4220718/A 09/2016

NOTES:

1. All linear dimensions are in millimeters. Dimensions in parenthesis are for reference only. Dimensioning and tolerancing
per ASME Y14.5M.

. This drawing is subject to change without notice.

. This dimension does not include mold flash, protrusions, or gate burrs. Mold flash, protrusions, or gate burrs shall not
exceed 0.15 mm, per side.

. This dimension does not include interlead flash. Interlead flash shall not exceed 0.43 mm, per side.

. Reference JEDEC registration MS-012, variation AB.

(G20 w N
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EXAMPLE BOARD LAYOUT

DO014A SOIC - 1.75 mm max height

SMALL OUTLINE INTEGRATED CIRCUIT

14X (1.55) SYMM
11
] [
14X (0.6) ] l::j l::j
e )
12X (1.27) ‘ ‘ MM
¢

-
—

e ey

LAND PATTERN EXAMPLE
SCALE:8X

SOLDER MASK
SOLDER MASK METAL UNDER
OPENING METAL SOLDER MASK‘\ i OPENING

(F N = \
‘ \
| |
— ==
JL 0.07 MAX JL* 0.07 MIN
ALL AROUND ALL AROUND

NON SOLDER MASK
DEFINED

SOLDER MASK
DEFINED

SOLDER MASK DETAILS

4220718/A 09/2016

NOTES: (continued)

6. Publication IPC-7351 may have alternate designs.
7. Solder mask tolerances between and around signal pads can vary based on board fabrication site.
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EXAMPLE STENCIL DESIGN
DO014A SOIC - 1.75 mm max height

SMALL OUTLINE INTEGRATED CIRCUIT

i
~

SYMM

o

14X (1.55) ﬁ SYMM
i ¢
|
|
|
|
|
!
|
|
|
|
|
|
|

IR0

SOLDER PASTE EXAMPLE
BASED ON 0.125 mm THICK STENCIL
SCALE:8X
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NOTES: (continued)

8. L