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Timing of Load Switches

Nicholas Carley Power Switches

ABSTRACT

Timing of load switches can vary depending on the operating conditions of the system and feature set of
the device. At a glance, these variations can seem complex; but, when broken down, each operating
condition and feature has a correlation to a change in timing. This application note goes into detail on how
each condition or feature can alter the timing of a load switch so that the variations can be prepared for.
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1 Overview and Main Questions
1.1 Definition of Timing Parameters

First, let's look at the key behaviors of a load switch and how they relate to timing parameters. See

Figure 1.

» Delay time, tye Ay, accounts for the time required to prepare the subsystems of a load switch before the
pass FET can be turned on. Delay time is defined as the time from the device being enabled until Vo
starts to rise (typically to 10%).

» Rise time, tyse, is set by the slew rate of the load switch. Rise time is defined as the time for Vo to
rise from 10% to 90%. The 10% and 90% marks are used for higher test and measurement accuracy
during device characterization.

» Fall time, tz5, is heavily affected by the load resistance and load capacitance but can be influenced by
devices with quick output discharge. Fall time is defined as the time for V to fall from 90% to 10%.
The 90% and 10% marks are used for higher test and measurement accuracy during device
characterization.

* Ontime, toy, represents the time for a switch to turn on. to is typically defined as a combination of
toeLay @nd tgse but can vary based on the test methodology used for each device. For this app note, tq,
will be defined as tpg ay + trise-

» Off time, toer, represents the time for a switch to turn off but varies based on the test methodology
used for each device. For this app note, to will be defined as the time from the device being disabled
until Vot begins to fall (90%).
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Figure 1. tog avs tons tore trise, and tq,  Waveforms

1.2 Alternative Timing Methods

The definitions above are the way the timing parameters will be addressed in this app note, but there are

other ways of defining the above parameters. The waveform in Figure 2, shows:

« Delay time as the enable signal at 50% until V; rises to 10%.

» On time as the enable signal at 50% until V rises to 50%.

» Off time as the enable signal at 50% until V; falls to 50%.

* Rise time as Vg rising from 10% to 90%.

* Fall time as Vg falling from 90% to 10%.
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Figure 2. Alternative Timing Waveform

The on time for a device will be different depending on which method is used to calculate it. It is important
to always double check the datasheet for how each device defines its timing.

1.3 Why is My Rise Time Different than Expected?

Rise Time is affected by many operating conditions and external components around a load switch. The
main factors are: Slew Rate, Load Resistance, Input Voltage and Bias Voltage. The slew rate of the
device controls how quickly the output rail ramps up to the input rail when the device turns on. The load
resistance, with respect to the decreasing FET resistance, determines the point at which the output rail
reaches 90% of the input. Input voltage is directly proportional to rise time, a higher input voltage results in
a higher rise time. Bias voltage powers the charge pump which can improve rise time if the bias voltage is
higher than the input voltage.

1.4 Why is My Fall Time Different than Expected?

Fall time is affected by Load Capacitance and Quick Output Discharge (part dependant). When a load
switch is turned off the charge on the load capacitance needs to be discharged to bring the output rail
down. Load resistance and load capacitance are directly proportional to the fall time based on RC
capacitive discharging. Quick Output Discharge can be used to increase the current being pulled out of
the load capacitance. Quick Output Discharge has a larger impact on discharging the load capacitance the
larger the load resistance is.

1.5 Why Do NMOS and PMOS Pass FETs Affect Timing Differently?

NMOS and PMOS pass FETs behave differently while the FETs are turning on. NMOS rise time is less
affected by external components (load resistance and load capacitance) while the rise time of PMOS is
almost exclusively controlled by external components.

NMOS pass FETs have 4 key voltage parameters during turn on: input voltage, output voltage, gate
voltage, and the Vg threshold voltage. See Figure 3. The output starts at 0 V, rises to, and stops at the
input voltage when the FET is fully on. The Vg threshold voltage is the difference in voltage needed
between the gate voltage and the output voltage for the output to begin to rise, the Vg threshold voltage
is typically around 0.7 V.
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VIN VouT

VGATE

Figure 3. Voltages on NMOS FET

As the voltage on the gate begins to rise no change occurs at the output until the difference between the
gate and output equals the Vg threshold voltage. Once the Vg threshold voltage has been hit, both the
gate and output voltages increase linearly and parallel to each other. Once the output has reached the
input voltage the output stops increasing.

PMOS pass FETSs are pulled to ground to turnon. Once the gate voltage is low and the device turns on the
input is immediately passed to the output. The amount of time it takes the gate voltage to reach 0V is
typically uncontrolled or hard to control. This causes the output to very quickly rise up to the input voltage.
Load resistance causes voltage division between the load and the FET resistance. A low load resistance
results in a slower rise time while a high load resistance causes a quick rise time, See the Load
Resistance section.

The way the output of an NMOS pass FET increases is dependant on how quickly the gate voltage
increases and is negligibly affected by load capacitance and resistance. The way the output of a PMOS
pass FET increase is heavily dependant on the load on the switch.
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2 Effect of System Operating Specifications on Timing
Timing parameters of a load switch are affected by many typical operating conditions and system
specifications such as: Temperature, Load Resistance, Load Capacitance, Input Voltage. The effect
temperature has on the timing parameters can vary greatly from device to device depending on the
specific design architecture. A larger load resistance will reduce ty e While increasing t-, . A larger load
capacitance increases tg,, based on RC capacitive discharging. Input voltage is directly proportional to
trise- Section 2.1 through Section 2.4 cover each of these topics individually.
2.1 Temperature
The two main subsystems of a load switch that are affected by temperature which result in a timing
change are the Vgg threshold of the pass FET and the reference current of the charge pump. The Vg
threshold of the pass FET decreases as temperature increases. The reduction in the Vg4 threshold
reduces tpe Av- The reference current of the charge pump controls how quickly the gate will ramp and in
turn how quickly the output will rise. Typically, as temperature increases the reference current increases
which causes the gate of the pass FET to charge faster. The increase in the reference current causes a
reduction in both tog .y and tgse.
The overall affect on the device from an increase in temperature, in the case of the TPS22975, reduces
toeLay @Nd trise, @as shown in Figure 4; while tz,,, is relatively constant, as shown in Figure 5. Both figures
are based on the following parameters: V,y = 2.5V, Vgas = 2.5V, and CT = 1000 pF. Regardless of which
Vins Veias: @nd CT values are used, the change in the timing parameters, for the TPS22975, due to
temperature is consistent.
240 25 |
— tDELAY S
220 — (RISE 2.45 L e
200 2.4
T~ 2.35
— 180 \‘\ & 23
2 160 1 — 2 2.25
F a0 \\\ Fo22
S~ 215
120 ~— ~_
o ~_ 2.1 ~—
1 2.05
\\
80 2
-45 -25 -5 15 35 55 75 95 115 -45 -25 -5 15 35 55 75 95 115
Temperature (T) Temperature (T)
Figure 4. TPS22975 ty and tyg oy ACross Temperature Figure 5. TPS22975 ., Across Temperature
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The overall affect on the device from an increase in temperature, in the case of the TPS22918, is different
than the TPS22975. As temperature increases: tyg 4y linearly decreases while tg,s¢ linearly increases, as
shown in Figure 6. Fall time is relatively constant, as shown in Figure 7. Both figures are based on the
following parameters: V,, = 2.5 V and CT = 1000 pF. Regardless of which V,, and CT values are used, the
change in the timing parameters, for the TPS22918, due to temperature is consistent.
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1200 F=—F— 24
2.35
& 1000 & 23
el el ~
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£ E L~
= 800 F 22 e
2.15
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400 2
-45 -25 -5 15 35 55 75 95 115 -45 -25 -5 15 35 55 75 95 115
Temperature C Temperature T
Figure 6. TPS22918 ty s and ty. oy ACross Temperature Figure 7. TPS22918 t., . Across Temperature

The TPS22975 is an example of both the switching threshold and the reference current changing with
temperature resulting in a larger reduction of tog oy and tgse than the TPS22918. The TPS22918 is largely
affected by the change in switching threshold, which is why t¢, »y decreases with increasing temperature;
but the TPS22918 has a relatively constant reference current over temperature which is why t; s does not
decrease with increasing temperature. The fact that tg,oc increases on the TPS22918 is due to many small
parasitic changes that occur with increasing temperature.

Temperature also affects load resistance and load capacitance values. See the Load Resistance and
Load Capacitance sections to see how they affect timing.

2.2 Load Resistance
The internal FET of the load switch can simply be modeled as a non-linear potentiometer, which starts
typically in the 10s of MQ and ends at R, (typically in 10s to 100s of mQ). The FET resistance, R, and
the load resistance, R, o.p, Mmake a voltage divider circuit. See Figure 8.

Figure 8. Reer and R onp Voltage Divider

If the load resistance is 500 Q - the FET resistance will reach 55.5 Q in time X, creating a 90% voltage
divider resulting in tgy.
If the load resistance is 10 Q - the FET resistance will still reach 55.5 Q in time X but this creates a 15%
voltage divider rather than a 90%. This means a lower load resistance results in a longer time for the
output to finish ramping.
Load resistance also affects t-, , as explained in Section 2.3.
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2.3 Load Capacitance
As load capacitance and load resistance increase: tz,, increases. The larger the load resistance or load
capacitance is, the longer it will take to discharge the capacitor, resulting in a longer fall time.
Capacitance discharge follows Equation 1.
tea = -RU % Cp X IN(V 100/ Vgye)
Where
V4 IS 10% of the initial output voltage
* Vg IS 90% of the initial output voltage
* R, is the load resistance
e C, is the load capacitance (2)
All the energy stored in the load capacitance has to discharge through the load resistance, for example
let's use: a 0.1-uF load capacitance, a 500-Q load resistance, and initial Vo, = 5 V, see Equation 2.
tean = -500Q x 0.1uF x In(0.5V/4.5V) = 110usec 2
2.4 Input Voltage
As input voltage increases: tog 4y @nd ty e increase. If the output rises at a constant rate, a higher voltage
will take longer to reach. Rise time and delay time are directly proportional to input voltage.
For example, in the TPS22976, t;se and tog 4y inCrease with increasing input voltage, see Figure 9 and
Figure 10.
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Z 2000 >~ = 600
GEJ / g // /
3 1500 Z & 500
X / 8 //
/ o // o
1000 4 s 400 |- — e
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1 1.5 2 25 3 35 4 4.5 5 55 1 1.5 2 25 3 3.5 4 4.5 5 5.5
Input Voltage (V) Input Voltage (V)
Figure 9. TPS22976 tgise VS Vinpur Figure 10. TPS22976 tyg ay VS Vineur
3 Effects of Device Features on Timing
Timing parameters of a load switch are affected or controlled with device features such as: Slew Rate,
Bias Voltage, and Quick Output Discharge. Slew rate directly controls the rise time of the load switch. Bias
voltage can affect tg,se and tpe oy but the way timing is affected is part specific. Quick Output Discharge
can be implemented to reduce tg, . Section 3.1 through Section 3.3 cover each of these topics individually
in more detail.
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3.1 Slew Rate
Slew rate is used to manually control the rise time of a device. Slew rate can be controlled by either
selecting a part with an internally fixed slew rate or by selecting a part that has the ability to adjust the
slew rate with external components.
An example of a integrated load switch with adjustable slew rate is the TPS22975 which uses a CT pin.
An equation for slew rate is given in each datasheet for parts that have an adjustable slew rate,
Equation 3 is pulled as an example from the TPS22975 datasheet (SLVSDDO).
This estimate does not apply for CT capacitor values less than 100 pF. For this device, values smaller
than 100 pF have little describable impact on the slew rate because they are relatively small compared to
the FET gate capacitance. Whereas a larger CT capacitance will be the dominant factor in determining the
slew rate. This can be seen in Figure 11, the slopes of the CT = 0 pF and CT = 220 pF lines are
marginally discernable from each other, showing minimal impact of a 220-pF CT capacitor over an open
CT pin. In general, a lower CT capacitor value in this range results in higher deviation of the estimated
slew rate from the actual slew rate as shown in Equation 3.
SR =0.43xCT + 26
Where
¢ SR = Slew Rate (in ps/V)
e CT = The capacitance value of the CT pin (in pF)
e The units for the constant 26 are ps/V.
e The units for the constant 0.43 are us/(V x pF) 3
Equation 3 is an approximation. Slew rate can be affected by the tolerance of the CT or dV/dt capacitor
and the board parasitics around the device. Selecting a CT or dV/dt capacitor tolerance with the
application in mind can help reduce unwanted board-to-board rise time variation. Proper board layout is
important due to the low value CT or dV/dt capacitor value (100 pF to 1000 pF) being used. Capacitance
due to board traces or other planes can be in the 10s to 100s of pF and can affect the overall capacitance
on the pin. The CT or dV/dt capacitor should have the shortest traces available between the pin and
ground. Refer to the datasheet (SLVSDDO) for a board layout example.
Slew rate affects rise time following Equation 4.
trise = Vour X SR x 0.8
Where
e tpse IS the rise time (in ps)
* Vg is the final output voltage (in V)
e SR is the slew rate (in ps/V)
* 0.8 constant accommodates the 10% to 90% definition (4)
Figure 11, from the TPS22958 datasheet (SLVSCX7), shows the change of tg g across V,, with multiple
slew rates due to different CT values ranging from O pF to 10 nF.
7000
— Cr=0pF
6000 | — CI=220pF /
Cr=470pF L
—— C7=1000pF /
5000 | — cy=2200pF
—— Cy=4700pF /
& 4000 — CT=10000pF
=5
£ 3000 ///
2000
L
/
1000 /] —
. 4 —T 1
0 1 2 3 4 5 6
Vin (V)
Figure 11. TPS22958 t, vs V,, With Changing CT
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3.2 Bias Voltage

Bias Voltage, Vg s, Can be utilized to reduce tgge and tog ov- Veias: When available, is used to power the
charge pump. In order for Vg,xs to affect tog 4y and trise, Viias Must be higher than V. If V. is equal to
V\\, there will be no timing difference over just using V.

Figure 12 (Vgas = 2.5V) and Figure 13 (Vgas = 5 V) from the TPS22976 datasheet (SLVSDE7) show that a
higher Vg x5 results in a smaller delay time. Figure 12 only shows V, up to 2.5 V because it is not advised
to operate a load switch with V higher than V.
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Figure 12. TPS22976 tyg oy VS Vinpur Figure 13. TPS22976 tyg oy VS Vinpur

The reduction in tg g is observed for the same reason that tyg 4y Was reduced; a higher Vg 5 allows the
device to turn on faster. Figure 14 from the TPS22958 datasheet (SLVSCX7) shows a Vg .5 sSweep with

V,y at 2.5 V and CT = 1000 pF.
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Figure 14. TPS22958 tgpise VS Vgias
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Typically, rise time decreases with an increasing Vg, although some parts can be designed to have a flat
rise time response with an increasing Vg x5 @s seen in Figure 15 from the TPS22953 datasheet

(SLVSCTS5).
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770

. 760
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2 750

['4

= 740
730
720
710
700 F—
690

25 3 35 4 4.5 5 55 6
Vaias (V)

Figure 15. TPS22953 tgise VS Viias
It is important to double check the AC characteristics of each device to verify its behavior.

3.3  Quick Output Discharge

Quick Output Discharge, QOD, is implemented with a bipolar transistor in series with an internal pull-down
resistor. The way that the load capacitor is discharged with QOD depends on the operating mode of the
transistor. The transistor operating modes are controlled by the bias voltage conditions of the transistor.
As voltage on the capacitor falls, the transistor moves from forward-active mode into saturation then into
cutoff mode.

» If the transistor is the forward-active mode, it acts as a constant current sink. This pulls current out of
the load capacitance at a constant rate regardless of output voltage. An example circuit is shown in
Figure 16. Discharging of a capacitor with a constant current sink follows Equation 5.

VOUT(t) = 1/CL x |T X t + VOUT(O)

Where
e Vou(t) is the output voltage at time t
e C, is the load capacitance
e |, is the current pulled to ground by the transistor
e Vour(0) is the initial output voltage (5)
» If the transistor is in saturation mode, it acts as a resistor in series with the pull down resistor. This
pulls current out of the load capacitance based on the output voltage at a given time. An example

circuit is shown in Figure 17. In this mode, the current pulled out of the capacitor follows the typical RC
Discharge Equation as described in the Load Capacitance section.

» Once the transistor reaches cutoff mode, the transistor opens the connection from the pull-down
resistor to ground. Current will only follow through the load resistance now.
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RPULL§ RPULL§
CL § RL | CL § RL
+ +

Figure 16. QOD - Constant Current Figure 17. QOD - Resistive Pull-Down

4 Conclusion

When characterizing the timing of load switches within each system it is best to consider the effect of each
of the above conditions, components, and features. Although seemingly complex when all combined
together, each operating condition has a direct effect on each of the timing parameters. It is best to
consult the datasheet to determine how each part will be affected by the operating specifications and
features discussed in this app note.

5 References

1. TPS22975 5.7V, 6A, 16mQ Load Switch with Adjustable Rise Time & Optional QOD for Cost-
Conscious Applications (SLVSDDO)

2. TPS22976 5.5V, 6A, 14mQ, Dual Load Switch with Adj. Rise Time & Optional QOD for Cost-Conscious
Applications (SLVSDE?7)

3. TPS22958 5.5V, 4A 13mQ Load Switch with Adjustable Rise Time and Optional Quick Output
Discharge (SLVSCX?7)

4, TPS22918 5.5V, 2A, 52mQ Load Switch with Adjustable Rise Time and Adjustable Quick Output
Discharge (SLVSD76)

5. TPS22953 5.7V, 5A, 14mQ Load Switch with Voltage Monitoring and Reverse Current
Protection(SLVSCT5)
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(individually or, if you are acting on behalf of a company, your company) agree to use it solely for this purpose and subject to the terms of
this Notice.

TI's provision of Tl Resources does not expand or otherwise alter TI's applicable published warranties or warranty disclaimers for Tl
products, and no additional obligations or liabilities arise from TI providing such Tl Resources. Tl reserves the right to make corrections,
enhancements, improvements and other changes to its TI Resources.
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applications and that you have full and exclusive responsibility to assure the safety of your applications and compliance of your applications
(and of all TI products used in or for your applications) with all applicable regulations, laws and other applicable requirements. You
represent that, with respect to your applications, you have all the necessary expertise to create and implement safeguards that (1)
anticipate dangerous consequences of failures, (2) monitor failures and their consequences, and (3) lessen the likelihood of failures that
might cause harm and take appropriate actions. You agree that prior to using or distributing any applications that include TI products, you
will thoroughly test such applications and the functionality of such Tl products as used in such applications. Tl has not conducted any
testing other than that specifically described in the published documentation for a particular TI Resource.

You are authorized to use, copy and modify any individual TI Resource only in connection with the development of applications that include
the Tl product(s) identified in such TI Resource. NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL OR OTHERWISE TO
ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY TECHNOLOGY OR INTELLECTUAL PROPERTY
RIGHT OF TI OR ANY THIRD PARTY IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI products or services are used. Information
regarding or referencing third-party products or services does not constitute a license to use such products or services, or a warranty or
endorsement thereof. Use of TlI Resources may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.

TI RESOURCES ARE PROVIDED “AS I1S” AND WITH ALL FAULTS. TI DISCLAIMS ALL OTHER WARRANTIES OR
REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING TI RESOURCES OR USE THEREOF, INCLUDING BUT NOT LIMITED TO
ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE WARRANTY AND ANY IMPLIED WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL
PROPERTY RIGHTS.

TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY YOU AGAINST ANY CLAIM, INCLUDING BUT NOT
LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF PRODUCTS EVEN IF
DESCRIBED IN TI RESOURCES OR OTHERWISE. IN NO EVENT SHALL TI BE LIABLE FOR ANY ACTUAL, DIRECT, SPECIAL,
COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN CONNECTION WITH OR
ARISING OUT OF TI RESOURCES OR USE THEREOF, AND REGARDLESS OF WHETHER TI HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.

You agree to fully indemnify Tl and its representatives against any damages, costs, losses, and/or liabilities arising out of your non-
compliance with the terms and provisions of this Notice.

This Notice applies to TI Resources. Additional terms apply to the use and purchase of certain types of materials, Tl products and services.
These include; without limitation, TI's standard terms for semiconductor products http://www.ti.com/sc/docs/stdterms.htm), evaluation
modules, and samples (http://www.ti.com/sc/docs/sampterms.htm).
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