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Introduction
Texas Instruments’ (TI) heritage in space applications
spans 60 years, dating as far back as 1958 when the
first satellite in the U.S., Explorer I, carried aloft radiation
detection circuitry using the newly released TI 2N335
silicon-grown junction transistor. Since then, TI devices have
been instrumental in a number of major space missions,
explorations and discoveries. From that first satellite, to the
first moon landing and first comet landing, to exploring the
planets, TI semiconductor devices have been there.

Whether you are designing subsystems for spacecraft
in geosynchronous earth orbit satellites, deep space
spacecraft or low earth orbit communications satellite
constellations, we hope that you will find this collection of
circuits helpful in developing your future spacecraft designs.
Our goal is to regularly update the handbook with valuable
circuits and subsystems. You can check to see if your
version of the handbook is the latest at www.ti.com/
SpaceHandbook. If you have feedback about any of our
existing circuits or would like to request additional spacegrade circuits for the next edition of this e-book, please
submit a new question on the TI E2E™ design support
forums.

As TI continues to develop radiation-hardened and radiationtolerant products, we want to provide the technical collateral
that will help you design next-generation spacecraft that can
operate for decades in space – while also offering greater
power density for point-of-load supplies powering the latest
field-programmable gate arrays and application-specific
integrated circuits, providing higher precision for scientific
instruments and telemetry data acquisition, and enabling
higher bandwidth for communications and remote-sensing
space applications.
The “Spacecraft Circuit Design Handbook” provides spacegrade sub circuit ideas that you can quickly adapt to meet
your specific system needs and design goals. We have
presented each circuit as a definition-by-example, including
step-by-step instructions, formulas, and in some instances
even comments or recommendations on handling singleevent effects.
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Application Brief

Space-Grade, 100-krad, Linear Thermoelectric Cooler
(TEC) Driver Circuit

Fadi Matloob
Design Goals
Parameter

Output

TEC Driver Control Signal

0.25V to 5.25V

TEC Current Range (-Imax to Imax)

–2.5A to 2.5A

TEC Voltage Range (-Vmax to Vmax)

–4.5V to 4.5V

Total Ionizing Dose (TID)

100-krad(Si)

Single Event Latch-up (SEL) Immunity

85 MeV·cm2/mg

Design Description
Thermoelectric coolers (TECs) are solid-state heat pumps that utilize electrical energy to heat or cool. They
are often used in laser communication systems to regulate laser temperatures or in low-noise imaging systems
such as star trackers or wide field planetary cameras. The TEC has two sides where it transfers heat from one
side to the other side depending on the direction of electrical current flow through it. The amount of heat being
transferred depends on the magnitude of the electrical current. This results in a temperature difference between
the two sides. The two sides of the TEC are known as the cold side and hot side. The ability to swap the two
sides by reversing the direction of current flow allows for heating and cooling without changing any physical
configurations. The following figure shows a rad-hard linear TEC driver that can accurately control the magnitude
and direction of the current through the TEC without injecting any switching noise into the system.
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Design Notes
•

•

•

•
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Typically, when designing a TEC system, the first steps are to identify the heat load (usually power rating)
of the system and the desired ΔT between the hot side and cold side. Once these specifications are
determined, then the TEC can be selected. Once a TEC is selected, it is important to identify the rated Imax
and Vmax. Note that Imax and Vmax are not the maximum ratings before the TEC is damaged; rather, they
are the maximum ratings before the heat generated by the TEC starts to degrade the heating or cooling
performance.
To operate the H-bridge correctly and control the current going through the TEC, one channel of the
LMP7704-SP (U1A) is used as a bidirectional current-sense amplifier, which measures the current through
the TEC. There is also a DC reference generated by another channel of the LMP7704-SP (U1B) to account
for the negative current since it is assumed that the amplifier is operated from a single positive supply.
A control amplifier (U1C) utilizes the output of the bidirectional current-sense amplifier (U1A) as feedback
in conjunction with a control input signal (DAC, PID, and so forth) to determine the drive level of the
H-bridge. The control input signal sets the desired current level through the TEC. The control amplifier is also
responsible for driving the half-bridge on the right side. The gate driver (U1D) is responsible for driving the
half-bridge on the left side. There are two things to note:
1. U1D is DC biased by a TL1431-SP (U2) voltage reference which defaults the output of U1D to a high
voltage. As the output of U1C increases, the output of U1D will decrease (larger inverting signal).
2. When the N-channel FET (low-side) on one half-bridge is ON (Q2 or Q4), the P-channel FET (high-side)
of the opposite half-bridge will be ON as well (Q3 or Q1). This allows for current to flow in both directions
based on which diagonal pair of FETs is turned ON.
The LMP7704-SP supply voltage of 10V was selected according to the derating specifications provided by
the National Aeronautics and Space Administration (NASA) in document EEE-INST-002 (April 2008) and the
European Cooperation for Space Standardization (ECSS) in document ECSS-Q-ST-30-11C Rev.1 (4 October
2011). The documents specify an 80% and 90% derating of the absolute maximum supply voltage for linear
ICs, respectively.
For proper operation, the power supplies must be decoupled. For supply decoupling, TI recommends placing
10-nF to 1-µF capacitors as close as possible to the operational-amplifier power supply pins. For the single
supply configuration shown, place a capacitor between the V+ and V– supply pins. Bypass capacitors must
have a low ESR of less than 0.1Ω.
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Design Steps
1. Identify the TEC specifications:
• Specifications for the circuit shown:
– TEC maximum current (Imax): 2.5A
– TEC maximum voltage (Vmax): 4.5V
2. H-bridge voltage supply selection:
• Important Considerations:
– Voltage drops across the FETs (VFETs)
– Voltage drop across RSense (VRsense)
– Voltage drop across the TEC (VTEC)
• The H-bridge voltage supply (VH-Bridge) should be at least:

•

VH−Bridge = VFETs + VRSense + VTEC

In the previous circuit shown, a 5-V supply is used for the H-bridge to give 0.5V of headroom and
accommodate for all of the voltage drops.
• The H-bridge supply may need to be increased if:
– A higher voltage is needed for the TEC.
– FETs cannot be turned ON fully and produce significant voltages drops.
3. Bidirectional current-sense amplifier (U1A):
• The current-sense amplifier senses the current through the TEC using a sense resistor (RSense). The
output is used as feedback to the control amplifier (U1C) which determines the gate drive strength (TEC
current).
• RSense selection:
– Smaller values of RSense give better power dissipation performance and produce a lower voltage drop.
Depending on the desired system accuracy, small values require a precision amplifier with great DC
performance to accurately read the sense resistor voltage.
– RSense for this circuit was chosen to be 50mΩ. A 50-mΩ resister produces a voltage drop of 125mV
at 2.5A. The LMP7704-SP has a typical offset voltage of ±37µV which produces an error of about
0.75mA at peak current.
• U1A Gain Selection:
– The current-sense amplifier gain is determined by the resistors R1, R2, R3, and R4
– In the previous circuit shown, it is desirable to measure the current as a voltage level by adjusting U1A
gain. The chosen gain for the current-sense amplifier is G = 20.
• A TEC current of 2.5A equates to a 125mV across RSense. 125mV across RSense translates to 2.5V
(125mV × 20) at the output of U1A. The gain selection produces a 1-to-1 relationship between the
current through the TEC and the output voltage of the current-sense amplifier.
– Gain selection equations:
1
20kΩ
= 50mΩ
= 20 = R2
GU1A = R 1
R1 = 1kΩ
Sense

R2 = R4 and R1 = R3

– Following the previous equations always results in a 1-to-1 relationship between the TEC current and
the output voltage of the current-sense amplifier.
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•

Voltage Reference Selection (U1B):
– A single-supply op amp is not able to measure current bidirectionally unless it has a DC offset. If
no offset is used, the output of the amplifier saturates when the current has the opposite sign of the
voltage supply of the op amp. This is why a voltage reference is used to generate a DC offset and
prevent saturation.
– Reference voltage value selection:
• The voltage reference needs to be at least equivalent to the expected maximum current through
the TEC. If 2.5A is the rated Imax of the TEC, then at least a 2.5-V reference must be used to
account for the current range of –2.5A to 2.5A. It is also paramount to account for the output swing
limitation (VO) of the amplifier.
VREF = RSense × IMax × GU1A + VO

•

A reference voltage of 2.75V was chosen due to the amplifier negative output rail limitation of (V–)
+ 0.2V.

VREF = 2.75V ≥ 50mΩ × 2.5A × 20 + 0.2V

a. The voltage divider formed by R5 and R6 is fed to one of the LMP7704-SP channels (U1B) as
a buffer. The voltage divider generates the reference voltage of 2.75V.
– To adjust the output of the reference, use the following equation:

VREF = R5R6
+ R6 × 5V

– The accuracy of the voltage reference depends on the tolerance of the resistors in the
divider.
b. With a voltage reference, calculate the output voltage of the current-sense amplifier as
follows:

Vout U1A = RSense × ITEC × GU1A + VREF

•

– As the current through the TEC goes from –2.5A to 2.5A, the output voltage of the currentsense amplifier goes from 0.25V to 5.25V (2.75V is equivalent to 0A).
c. If the negative rail output swing limitation of the chosen amplifier is not accounted for, the
current-sense amplifier could saturate and cause the rest of the system to saturate to the
maximum possible negative current. The value of the saturated current through the TEC
could be more than 2.5A and it would depend on the H-bridge supply voltage and gate drive
capability.
– Fortunately, the LMP7704-SP is a rail-to-rail output amplifier so 0.25V is satisfactory to
mitigate the output swing limitation. A different amplifier with less swing requires more
headroom from the voltage reference.
Voltage Supply Selection:
– The voltage supply of the current-sense amplifier must be above the maximum expected output Vmax
and the maximum output swing limitation VO.
VSupply ≥ VMax + VO
10V ≥ 5.25V + 0.2V

– The chosen amplifier supply is 10V which meets these requirements.
– Failing to consider the positive output swing limitation can result in the system saturating to the
maximum positive TEC current. The maximum positive TEC current could be more than 2.5A (similar
to the case of saturating to the negative supply mentioned in the Voltage Reference Selection
section).
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4. Control Amplifier (U1C):
• The control amplifier U1C controls the gate drive strength (discussed in Gate Drivers (U1C and U1D)). To
determine the gate drive strength and direction, it compares the output from the current-sense amplifier to
a control input. The control input (VIN) can come from a PID or an averaged PWM (usually as an output
of a temperature control loop). Since an op amp drives its output until both its input terminals are at the
same voltage level, VIN is what determines the desired current level through the TEC.
• To control the current through the TEC, set the control input, VIN, to a voltage from 0.25V to 5.25V. The
control amplifier output goes as high or as low as needed to reach the point where the feedback (U1A
output) and VIN are at the same level. Calculate the set TEC current level according to the control input
voltage (VIN) and the voltage reference of the current-sense amplifier (VREF):
ITEC = VIN − VREF

•

ITEC = VIN − 2.75V

A VIN of 0.25V means the control amplifier changes its output until –2.5A is sensed through the TEC.
Similarly, a 5.25-V input signal means the control amplifier changes its output until 2.5A is sensed through
the TEC.
– This behavior can be susceptible to oscillations; therefore, components R1 and C1 are added to not
allow for the output of the control amplifier to change instantaneously. The values were chosen to
induce at least 60° of phase margin as shown in the AC Simulation Results section.
5. Gate Drivers (U1C and U1D):
• The gate drivers are responsible for providing gate signals to each half-bridge.
• Gate driver functionality:
– Taking a look at either gate driver and its corresponding half-bridge:
• When the output of the gate driver is a high voltage this only turns ON the N-channel FET (Q2 or
Q4). When the output is a low voltage, the P-channel FET is ON (Q1 or Q3).
– It is important to consider if there is any point where three FETs can be ON simultaneously. This
is discussed in the MOSFET Selection section.
• An isolation resistor (Riso) is added to prevent instability when driving the FETs capacitive load. The
value of R8 and R16 is calculated with the following equation:
Riso ≥ 2 × π × f 1 × C
20DB
load

1
Riso = 100Ω ≥ 80Ω ≈ 2 × π × 248kHz
× 8000pF

•

– For more details, see TI Precision Labs - Op Amps: Stability - Capacitive loads.
Setting the gate drive maximum output:
– To set the maximum output voltage of the gate drivers (VmaxDriver), change the reference voltage
TL1431-SP (U2) applied to U1D. Ensure that VmaxDriver is within the output swing capability of
the chosen amplifier. In this case the LMP7704-SP output swing is 0.2V from the positive rail;
therefore, the maximum VmaxDriver is 9.8V.
• Setting the TL1431-SP (U2) reference:
VREF(U2 = 1 + R14
R15 × 2.5V

VREF(U2 = 4.5V = 1 + 4.95kΩ
6.19kΩ × 2.5V
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– R13 is used to limit supply current when biasing the cathode. Ensure that R13 provides more
than 1mA to U2:
IU2 =

VSupply − VREF(U2
≥ 1mA
R13

− 4.5V
IU2 = 1.1mA = 10V5kΩ
≥ 1mA

•

Setting VmaxDriver Voltage:

VmaxDriver = 1 + R12
R11 × VREF(U2

VmaxDriver = 9V = 1 + 10kΩ
10kΩ × 4.5V

•
•

In the previous design shown, the maximum driver output voltage is equivalent to double the
reference voltage due to the non-inverting gain being G = 2.
Note that VmaxDriver is the maximum voltage the gate driver U1D could ever produce. However,
VmaxDriver is not the maximum voltage applied to the H-bridges by the gate drivers to
generate 2.5A through the TEC (VmaxGate). VmaxGate depends on the MOSFETs selected and
VH-Bridge. Determine VmaxGate through simulation or by looking at the MOSFET data sheets and
identifying the VGS required to attain Imax. Simulation showed that a maximum VmaxGate of 8V
(worst-case FET threshold voltages) is needed to achieve 2.5A through the TEC.
– Ensure that VmaxDriver is above the maximum VmaxGate by the amount of output swing limitation
of the control amplifier (VO(U1C)):

VmaxDriver ≥ VmaxGate + VO U1C
VmaxDriver = 9V ≥ 8V + 0.2V

•

– VmaxDriver needs to be above VmaxGate to ensure that the control amplifier (U1C) does not
saturate into the negative rail.
Inverting gate driver signals:
– It is important to note that if both gate drivers (U1C and U1D) tracked each other, then all 4 FETs will
turn ON at the same time. This is undesirable as it causes shoot-through current. The ideal behavior
is that only one of the two diagonal pairs of FETs is turned ON. The diagonal pairs being (Q1 and Q4)
OR (Q3 and Q2).
• To achieve this behavior, the output of U1C is connected to the inverting input of U1D. Looking
at how this works: U1D defaults its output to VmaxDriver. However, as the minimum 0.25V VIN is
applied, the output of U1C will slightly increase and settle until –2.5A is sensed. This causes the
output of U1D to be at VmaxGate. As VIN changes, the relationship between both gate driver outputs
is defined as follows:
U1DOUT = VmaxDriver − U1COUT

•

•

This causes the outputs to linearly track each other and in opposite directions, that is, when U1D is
at 9V then U1C is at 0V.
a. This is why VmaxDriver needs to be above VmaxGate by VO(U1C): to avoid a situation where the
output of the U1C is at 0V since it can only swing down to 0.2V of the negative rail (GND).
b. Assuming that the MOSFET threshold voltages are accounted for, this gate driver design
ensures that only one of the two aforementioned diagonal pairs is ON during operation.
Amplifier selection:
– Ensure that the op amp chosen has enough output swing to support the desired maximum voltage.
The LMP7704-SP can swing to 0.2V of the positive supply (9.8V).
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6. MOSFET Selection:
• The FET threshold voltage is critical to obtaining a working design. During operation, only one pair of the
diagonal FETs must be turned ON at a time. The pairs being: (Q1 and Q4) or (Q3 and Q2). If three FETs
were to be ON simultaneously, for example – Q1, Q2, and Q4 then the H-bridge supply rail could connect
to GND with a very small resistance through Q2 and cause a spike in current known as shoot-through
current. This could damage the FET and lead to system failure. To avoid this, it is absolutely crucial to
have only one of the diagonal FET pairs turned ON at a time.
– For the circuit shown, the FETs selected all have a minimum threshold voltage (Vth) of 2V (N-channel)
or –2V (P-channel).
• This means a 2.5-V gate signal, without the resistor divider on the N-channel FETs, can turn ON
both the high-side and low-side FET of the same half-bridge and cause shoot-through current.
– To ensure this does not happen, a voltage divider is added for the N-channel FETs. Choose
the voltage divider such that when the P-channel FET is about to turn ON, the N-channel FET,
driven by the same gate signal, should be off. For the chosen FETs that have a Vth of 2V, it was
chosen that the N-channel FET gate (VN-Gate ) should be at 1.9V when 3V is an output of a gate
driver. Calculate the voltage divider as follows (assume RTOP = 100kΩ and ensure that VN-Gate
is lower than the minimum N-channel Vth):
RBOTTOM =

1–

VN−Gate
VH−Bridge + Vth(min)PFET
VN−Gate

VH−Bridge + Vth(min)PFET

1.9V
5V + –2V
RBOTTOM = 172kΩ ≈
1.9V
1–
5V + –2V

× RTOP; VN−Gate < Vth(min)NFET

× 100kΩ

– With the previously-calculated resistor divider, if a 2.5-V gate signal is applied to turn ON the Pchannel FET then the N-channel gate only sees 1.6V and therefore it is off. This ensures only one of
the diagonal pairs of FETs is ON during operation.
• Ensure that the gate can be driven high enough such that the maximum Vth of the FETs (from the
data sheet) can still be used with the resistor divider. According to the data sheet, the maximum Vth
is 4V. When an absolute maximum VmaxGate (8.8V) signal is applied, the maximum VN-Gate with the
divider is 5.56V. Ensuring turn ON at Vth variation.
– The absolute maximum VmaxGate without saturating U1C is 8.8V and is derived based on the
following equation:
VmaxGate ≤ VmaxDriver – VO U1C
VmaxGate = 8.8V ≤ 9V – 0.2V
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Design Simulations
DC Simulation Results
TEC Voltage
The following plot shows the output voltage across the TEC as a function of the control input voltage. As the
control input voltage varies from 0.25V to 5.25V, the TEC voltage varies from –4.5V to 4.5V, which meets the
design criteria.

TEC Current
The following plot shows the current through the TEC as a function of the control input voltage. As the control
input voltage varies from 0.25V to 5.25V, the TEC current varies from –2.5A to 2.5A, which meets the design
criteria.
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AC Simulation Results
Stability
The following image illustrates the gain and phase plot of the system. The phase margin is found to be ≈ 62°.
The criterion for stability is: the rate-of-closure at fcl = (Aol slope – 1/β slope) is 20dB/decade. The following gain
plot shows both Voa (Aol) and 1/β. Without capacitor C1, 1/β experiences a zero and provides a rate-of-closure
of 40dB/decade. Adding capacitor C1 creates a pole in 1/β and ensures the rate-of-closure is at 20dB/decade
and therefore the circuit is stabilized. For more details, see TI Precision Labs - Op Amps: Stability - Introduction.
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Transient Simulation Results
The following simulation shows the system response as a function of time. The control input voltage varies
from 5.25V to 0.25V and back to 5.25V. The TEC voltage and current vary from –4.5V to 4.5V and –2.5A to
2.5A, respectively. This meets the TEC design specifications. The gate signals can be seen as inversions of one
another (as designed) and ranging from 1.36V to 7.63V to achieve –2.5A to 2.5A through the TEC. This implies
that VmaxGate based on the MOSFETs selected is 7.63V.
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Design Featured Op Amp
LMP7704-SP
Vss

2.7V to 12V

VinCM

Rail-to-rail

Vout

Rail-to-rail

Vos

±32µV

Iq

2.9mA

Ib

±0.2pA

UGBW

2.5MHz

SR

1V / µs

#Channels

4

Total Ionizing Dose (TID)

100-krad(Si)

Single Event Latch-up (SEL) Immunity

85 MeV·cm2/mg

https://www.ti.com/product/LMP7704-SP

Design Alternate Op Amp
LM124AQML-SP
Vss

3V to 32V

Vos

2mV

Ib

45nA

UGBW

1MHz

SR

0.1V / µs

#Channels

4

Total Ionizing Dose (TID)

100-krad(Si)

SEL Immunity

SEL Immune (Bipolar process)

https://www.ti.com/product/LM124AQML-SP
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Application Brief

Space-Grade, 100-krad, 125-kHz Photodiode
Transimpedance Amplifier (TIA) Circuit

Victor Salomon
Design Goals
Parameter

Design Goal

Analog Bandwidth (BW)

125 kHz

Photodiode Input Current Range

0 - 20 μA

Transimpedance Gain

115 kV/A

Output Range

0.2–2.5 V

Supply Current (per Channel)

< 2.0 mA

Op Amp Supply

5.0 V (Single Supply)

Total Ionizing Dose (TID)

100 krad(Si)

Single-Event Latch-up (SEL) Immunity

LET = 85 MeV·cm2/mg

Design Description
Transimpedance amplifiers (TIA) are commonly used to amplify the output of current-based sensors like
photodiodes. Applications in spacecraft can range from scientific instruments like precision UV spectrometers, to
precision optical encoders for motor driver feedback. TIA circuits can be deceptively simple; the proper design
of a single-supply photodiode amplifier requires the consideration of many factors including stability and input
and output voltage range limitations. Furthermore, the effects of DC error sources such as input bias current and
input offset voltage are often ignored and can degrade the accuracy of the circuit.
This application brief examines the proper design process for a rad hard photodiode transimpedance amplifier
(TIA) using the QMLV, radiation-hardness-assured (RHA) LMP7704-SP precision op amp as the TIA. The
system is assumed to only offer a single 5.0-V supply and the TIA maximum output voltage is determined by the
ADC maximum input voltage which is assumed to be 2.5 V.
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Design Notes
•
•
•
•
•
•

Only microcircuit components are expected to have radiation hardness and space qualifications.
1% resistors are assumed to be used in this application brief. If greater precision is required, higher tolerance
resistors may be used.
The compensation capacitor, CF, should be a NP0, C0G type ceramic capacitor to avoid affecting the
frequency response or output distortion of the amplifier.
Capacitor CB can be a high-k dielectric type with a suitable voltage rating. The decoupling capacitors used on
the PCB were also high-k ceramic capacitors.
For proper operation, the power supplies must be decoupled. For supply decoupling, TI recommends placing
10-nF to 1.0-µF capacitors as close as possible to the operational-amplifier power supply pins.
Depending on the mission and system de-rating requirements it might be required to consider specifications
like NASA’s EEE-INST-002 or the ESCC’s ECSS-Q-ST-30-11C Rev.1. For example, EEE-INST-002
recommends an 80% de-rating of the supply voltage, meaning that for a 5.0-V supply requirement, the
absolute maximum supply voltage of the op amp chosen should be at least 6.3 V.

Design Steps
Photodiode Sensor Parameters
This circuit considers Hamamatsu’s S1336-5BK Si photodiode, which is targeted for UV to NIR precision
photometry applications. Some of the key specifications are:
•
•
•

Diode Capacitance (CPD) = 65 pF
Shunt Resistance (RPD) = 1 GΩ
Maximum Reverse Current (IPD(max)) = 20 μA

Transimpedance Gain Calculation
First, to determine the maximum transimpedance gain, consider two factors: the maximum reverse current,
IPD(max), and the desired output voltage range, VOUT(max) and VOUT(min). The minimum voltage range is
determined to be 0.2 V so that the amplifier does not saturate to V– or GND in this case. The value of the
feedback resistor (RF), which sets the transimpedance amplifier (TIA) gain can be calculated by dividing the
maximum output by the maximum reverse current:
RF =

VOUT max − VOUT min
V − 0.2 V
= 2 . 5 20
= 115 kΩ
IPD max
μA

Feedback Capacitor Calculation

The feedback capacitor, in combination with the feedback resistor, forms a pole (fP) in the frequency response of
the amplifier:
fP = 2π × R1 × C
F
F

Above this pole frequency, the amplification of the circuit declines. The maximum feedback capacitor value can
be determined from the feedback resistor value and the desired bandwidth:
1
CF ≤ 2π × R1 × f = 2π × 115 kΩ
× 125 kHz = 11 . 07 pF
F
P

10 pF

Keeping the feedback capacitor at or below the calculated value, ensures that thecircuit meets the stated
bandwidth requirements. In this case, 10 pF is chosen as the closest standard capacitor below the value
calculated for CF.
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Bias Network Calculations
The photodiode acts as a reverse biased diode at DC, so the gain from the non-inverting terminal of the op amp
is 1. Therefore, when the photodiode current is 0 A, VOUT = VBias. Consider the case where VBias is 0 V and an
amplifier has a maximum output voltage swing (VOUT) of 200 mV. If the photodiode current is 0 A, the amplifier
with a noise gain of 1 attempts to produce a 0-V output, resulting in the amplifier saturating and its bandwidth
compromised due to the saturation recovery time. It is best to account for the VOUT requirement of the amplifier
by adding a bias voltage that defaults the TIA output above the maximum VOUT from the negative rail. The bias
at the non-inverting input is given by the equation:
V +R
VBias = RCC + RB2
B1
B2

For many rail-to-rail input/output (RRIO) op amps, the typical output swing limitations range from 30 to 60 mV
depending on operating conditions, and in some instances can be as high as 200 mV. A bias voltage (VBias) of
200 mV is used to account for the worst-case scenario.
Selecting a value for RB2 of 10 kΩ, calculate RB1 to be:
R × V − VBias
10 kΩ × 5 . 0 V − 0 . 2 V
= 240 kΩ
RB1 = B2 VCC
=
0.2 V
Bias

Capacitor CB is placed in parallel with resistor RB2 to reduce the noise contribution of the resistor divider and
prevent power supply noise from affecting the amplifier output. Selecting a value of 1 μF for CB produces a
corner frequency (fc) of:
fc =

2π × RB1

1

RB2 × CB

=

2π × 10 kΩ

1
= 16 . 6 Hz
240 kΩ × 1 μF

The calculated corner frequency should be low enough to prevent power supply noise from passing to the
output.
Amplifier Gain Bandwidth Calculation
Having calculated the maximum feedback capacitor value allowable to meet the bandwidth design requirement,
it is necessary to calculate the necessary op amp gain bandwidth for the circuit to be stable.
The following figure shows a version of the circuit which has been redrawn to include the photodiode junction
capacitance (CPD) and the differential (CD) and common-mode (CCM-, CCM+) input capacitances of the amplifier.
The bias voltage applied to the non-inverting input is considered an AC ground.

From this illustration it is apparent that CPD, CD, and CCM- are in parallel and the capacitance at the inverting
input is described by the following equation:
CIN = CPD + CD + CCM −

To calculate the unity gain bandwidth (UGBW) requirement for this design, CIN must first be determined. CD
and CCM– are not known at this time since a specific op amp has not been selected, but 10 pF can be used
SNOAA75 – JUNE 2021
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as a reasonable guess for the sum of these values. The exact value can be substituted later to confirm the
appropriateness of an op amp.
CIN = 65 pF + 10 pF

Now, the values for CF, RF, and CIN can be inserted into the following equation to find the target op amp gain
bandwidth (GBW):
GBW >

CIN + CF

2π × RF × CF

Op Amp Selection

2 =

75 pF + 10 pF

2π × 115 kΩ × 10 pF

2 = 1 . 176 MHz

The basic requirements for the op amp used in this application are outlined in the following table:
Specification

Design Goal

Total Ionizing Dose (TID) (krad(Si))

100

SEL Immunity (MeV·cm2/mg)

85

VCC Range (V)

2.7–5.5

VCC Abs Max (V)

> 6.3

Input Bias Current (pA)

< 1000

Typ. Iq per Channel (mA)

< 2.0

Input Voltage Range (Typ)

(V–) + 200 mV

Output Voltage Range (Typ)

(V–) + 200 mV, (V+) – 200 mV

GBW

> 1.176 MHz

The requirements for supply voltage and current were given in the design requirements. The input and output
voltage range requirements are selected to ensure linear operation over the desired signal amplitudes. Finally,
the gain bandwidth requirement was calculated in the Amplifier Gain Bandwidth Calculation section.
In addition to these basic requirements, the op amp should contribute negligible errors from voltage offset, input
bias current, and voltage or current noise. Op amps with JFET or CMOS inputs are the most commonly-selected
type because these op amps typically have much lower bias current than those with BJT input devices. This
results in reduced DC error voltages and lower noise due to reduced input current noise. A complete noise
analysis of this amplifier is beyond the scope of this document, see reference 6 for more information on noise
in photodiode amplifiers. Zero-drift amplifiers or amplifiers with chopper inputs such as LMP2012QML-SP should
be avoided due to the nature of the chopper input stage, the input bias current is not constant. The input
MOSFET chopping stage creates dynamic transient currents on the inputs due to charge injection, which differ
from the actual static bias current and could cause transients at the circuit output if the switching frequency is
below the cutoff frequency.
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The LMP7704-SP was selected for this design because of its excellent combination of low bias current (as an
op amp with CMOS inputs), offset voltage, power consumption, radiation performance and wider supply range,
which could allow for re-use in other applications in the system, as well as use without a bias voltage in systems
that have bipolar voltage rails available. Relevant LMP7704-SP specifications are given in the following table:
Specification

Target

LMP7704-SP

TID (krad(Si))

100

100

SEL Immunity (MeV·cm2/mg)

85

85

VCC Range (V)

2.7–5.5

2.7–12

VCC Abs Max (V)

> 6.3

13.2

VOS (Max. at 25°C) (μV)

–

200

Input Bias Current (pA)

< 1000

0.2

Typ. Iq per Channel (mA)

< 2.00

0.73

Input Voltage Range (Typ)

(VEE) + 200mV

(VEE) – 200 mV

Output Voltage Range (Typ)

(VEE) + 200mV, (VCC) – 200mV

(VEE) + 50mV, (VCC) – 60mV

GBW (MHz)

> 1.176

2.500

Slew Rate (V/µs)

–

1

The LMP7704-SP meets or exceeds all required specifications for the design. However, the parallel combination
of the differential and common-mode input capacitances (CD + CCM–) is 25 pF, which is higher than the
estimated value used to calculate the required gain bandwidth product, so the gain bandwidth requirement
previously calculated should be re-calculated to verify that the GBW of the LMP7704-SP is sufficient.
C
+ CIN_LMP7704 − SP + CF
65 pF + 25 pF + 10 pF
=
GBW > PD
2
2 = 1 . 384 MHz
2π × RF × CF

2π × 115 kΩ × 10 pF

LMP7704-SP has 2.5 MHz of gain bandwidth (GBW), which provides more than enough adequate margin to
achieve a stable design. It should also be noted that the slew rate (SR) of the op amp might be a limitation to
the full power bandwidth of the circuit, the full power bandwidth is the highest frequency sinusoid that can be
reproduced at the full output swing of the amplifier. The full power bandwidth (fFP) can be calculated using the
equation:
fFP = 2πSR
×A

"SR" is the slew rate of the op amp in Volts per Second, and "A" is the amplitude of the sinusoid. The full output
swing of this amplifier is from 0.2 V to 2.5 V, or a swing of 2.3 V. Therefore the amplitude of the sinusoid is 2.3
V / 2 = 1.15 V. The resulting full power bandwidth is:
6

1 × 10
fFP = 2πSR
× A = 2π × 1 . 15 V = 138 . 396 kHz

The resulting full power bandwidth is above the TIA bandwidth, so SR limitations should not be a significant
contributing factor to distortion for full-scale signals.
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Design Simulations
Simulation
The following figure shows the TINA-TI™ simulation schematic of the photodiode amplifier. The current source
IG1 and the capacitor C24 serve to form a simple model that represents the reverse current, IPD, of the
photodiode and junction capacitance CPD, respectively.

DC Transfer Function
A DC transfer characteristic analysis is used to verify the gain and output voltages of the circuit. The output
current of IG1 is swept from 0 to 20 μA and the output voltage is plotted.

For zero input current, the simulated output voltage is 200.032 mV, and at 20-μA input current, the simulated
output voltage is 2.500 V and the gain is 115 kV/A.
20
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AC Transfer Function
The AC transfer function was measured using an AC transfer characteristic analysis in TINA-TI™. The simulated
–3-dB point was 188.21 kHz.

Stability Analysis
For simulation of the loop stability, the feedback path of the amplifier is broken at the output using a large
inductor (Ltest). This inductor allows the circuit to converge to the proper DC bias point but acts as an open
circuit in an AC transfer characteristic simulation. Voltage source V_AC is AC coupled into the feedback loop by
capacitor (Ctest) and the loop gain is measured by voltage probe Vout.

The loop gain plot shows the loop closure point (loop gain is 0 dB) at 269.22 kHz with 63.70 degrees of phase
margin.
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Design Featured Op Amp
LMP7704-SP
Supply voltage range

2.7 V to 12 V

Supply current per channel (typical)

0.73 mA

Input common-mode voltage range

VEE – 200mV to VCC + 200mV

Output voltage range

VEE + 50mV to VCC – 60mV

Input offset voltage (typ)

±37 μV

Input bias current (typ)

±0.2 pA

Unity-gain bandwidth (typ)

2.5 MHz

Slew rate

1.0 V/μs

#Channels

4

Total Ionizing Dose (TID)

100 krad(Si)

Single-Event Latch-up (SEL) Immunity

LET = 85 MeV·cm2/mg

www.ti.com/product/LMP7704-SP
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Application Brief

Space-Grade, 100-krad, Discrete, Three Op Amp
Instrumentation Amplifier Circuit

Nicholas Butts

Design Goals
Input

Commonmode
Voltage

Output

Supply

Vd_min

Vd_max

Vout_min

Vout_max

Vcm

V+

V-

Vref

–50 mV

50 mV

0.2 V

5V

5V

10 V

0V

2.6 V

Total
Ionizing
Dose

SEL
Immunity

≥ 100krad(Si)

≥ 85
MeV·cm2/mg

Design Description
This design uses discrete op amps to implement an instrumentation amplifier (IA) design using space-grade
(SP) components for use in space applications. The circuit converts a differential signal to a single-ended
output signal. Linear operation of an instrumentation amplifier depends upon linear operation of its building
block: op amps. An op amp operates linearly when the input and output signals are within the respective input
common-mode and output swing ranges of the device. The supply voltages used to power the op amps define
these ranges.
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Design Notes
1. Use low-tolerance resistors to achieve high DC CMRR performance. Mismatching of resistors can also lead
to errors in gain and output accuracy.
2. All resistors and capacitors must be verified space-grade for this design.
3. Rg sets the gain of the input stage. R1a and R1b can be used to set the gain of the second stage (see Design
Steps).
4. Rf1 and Rf2 are nominally matched in this design. In general, Rf1 and Rf2 do not need to be matched – it may
be desirable in some cases to have Rf1 and Rf2 unmatched so that the top amplifier and bottom amplifier in
the input stage have different gains. For example, if Vcm is not at mid-supply but is closer to one of the rails,
Rf1 and Rf2 can be tuned so that neither of the input stage amplifiers run out of headroom.
5. Integrated instrumentation amplifiers normally have a fixed minimum gain. In addition to using an IA in
high-gain configurations, constructing a discrete IA like this affords the flexibility to achieve any gain less
than 1 V/V.
6. High-value resistors can degrade the phase margin of the circuit and introduce additional noise in the circuit.
7. Add an isolation resistor to the output stage to drive large capacitive loads.
8. Linear operation is contingent upon the input common-mode and the output swing ranges of the discrete op
amps used. For best performance, choose Vcm = (V+ + V–) / 2 (mid-supply).
9. C2 along with R3 || R4 forms a low-pass filter with a corner frequency of 147.16 Hz.
10. The Vref pin must be supplied by a low-impedance reference that can sink and source current, such as a
buffer. Using a high-impedance reference, such as a resistor divider with no buffer, may result in a mismatch
and degradation of CMRR.
11. Vout_min is chosen as 0.2 V for this design to avoid nonlinearities associated with the output of LMP7704-SP
swinging too close to the rail. If this design is done with a different op amp, be sure to check the data sheet
to determine the minimum and maximum output values allowed.
12. The LMP7704-SP supply voltage of 10 V was selected according the derating specifications provided by
the National Aeronautics and Space Administration (NASA) in document EEE-INST-002 (April 2008) and
the European Cooperation for Space Standardization (ECSS) in document ECSS-Q-ST-30-11C Rev.1 (4
October 2011). The documents specify an 80% and 90% derating of the absolute maximum supply voltage
for linear ICs, respectively.
13. This design can be implemented with a single 4-channel LMP7704-SP or a similar device. See Design
Alternative Op Amp for a wider supply op amp (36 V). Note that the listed alternative device meets TID = 50
krad(Si).
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Design Steps
1. Calculate the output voltage Vout for this circuit using the following equation:

§ R f1 R f 2 · R1b
1
u Vd
¸¸ u
¨¨
R
R
g
1a
©
¹

Vout

Vref

In this equation, Vd = V2 – V1 is the differential input voltage, Vref is set by R3 and R4 to level shift the output,
and it is assumed that R1a = R2a and R1b = R2b. Integrated instrumentation amplifiers normally fix Rf1, Rf2,
R1a, R2a, R1b, and R2b, leaving only Rg to set the gain of the circuit. In this discrete implementation, the
designer has the freedom to alter all of these resistors, but the transfer function can be simplified by using
standard values, such as Rf1 = Rf2 = R1a = R1b = R2a = R2b = 10kΩ, and using only Rg to set the gain. In this
case, Rg can be calculated using the following simplified equation:

§ 20k: ·
¨¨ 1
¸¸ u Vd
R
g
©
¹

Vout

Vref

2. Set Vref. For this design, Vref has been set as shown in the following equation so that a symmetric input
voltage range of –50mV to +50mV results in an output voltage range of 0.2V to 5V.

Vref

2.6V

Vref

2.6V

Vout _ max

Vout _ min

5V 0.2V
2

2
V u

R4
R3 R 4

12V u

R4
50k: R 4

R4 = 13.83kΩ ≈ 13.8kΩ (standard value)

Note
The magnitudes of R3 and R4 were chosen such that R3 || R4 is close to 10kΩ so that the
low-pass filter formed by R3 || R4 and C2 is close to the common low-pass filter with R = 10kΩ and
C = 100nF.
3. Choose Rg to set the required gain using the simplified transfer function.

5V

§ 20k: ·
¨¨ 1
¸ u 50mV 2.6V
Rg ¸¹
©

Rg = 425Ω ≈ 427Ω (standard value)

This corresponds to a gain of:

G 1

20k:
427:
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Transient Simulation Results
With the low-pass filter formed by R3, R4, and C2, Vref takes about 6ms to come up to its target value:
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Vcm versus Vout Limitations
The following figure shows the allowable output voltage range for a given Vcm.
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Design References
1. FAQ - How do Instrumentation Amplifiers (INAs) fit into my design?
2. TI Precision Labs - Online training course discussing instrumentation amplifier theory and application
3. Instrumentation Amplifier Vcm vs. Vout Plots
4. Analog Engineer's Calculator
Design Featured Op Amp
LMP7704-SP
Vsupply

±1.35V to ±6V

VinCM

(V–) – 0.2V to (V+) + 0.2V

Vout

(V–) – 120mV to (V+) + 120mV

Vos

±32μV

Iq

725μA per channel

Ib

±200fA

UGBW

2.5MHz

SR

0.9V/μs

#Channels

4

Total Ionizing Dose

100krad(Si)

SEL Immunity to LET

85MeV·cm2/mg

www.ti.com/product/LMP7704-SP

Design Alternate Op Amp
OPA4277-SP
Vsupply

±2V to ±18V

VinCM

(V–) + 2V to (V+) – 2V

Vout

(V–) + 1.5V to (V+) – 1.5V

Vos

±20μV

Iq

790μA per channel

Ib

±17.5nA

UGBW

1MHz

SR

0.8V/μs

#Channels

4

Total Ionizing Dose

50krad(Si)

SEL Immunity to LET

85MeV·cm2/mg

www.ti.com/product/OPA4277-SP
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Application Brief

Space-Grade, 100-krad, Window Comparator Circuit

Design Goals
Input Supply

Comparator Output Status (OUT)

Radiation

Operating Range

26V ≤ Vin ≤ 30V

Vin < 26V or Vin > 30V

Total Ionizing Dose (TID)

SEL Immunity to LET

20 V to 36 V

Vout = Vpu

Vout = GND

100 krad(Si)

85 MeV·cm2/mg

Design Description
This application brief shows how to implement a voltage window comparator circuit, targeted to monitor a
28-V power rail, a spacecraft bus voltage commonly found in smaller aircraft. This wide single-supply window
comparator circuit utilizes a dual open-collector comparator and 3 resistors to set the window voltage. A shunt
regulator, TL1431-SP, is used to provide a reference voltage from the input voltage. Therefore, only a single
power supply is utilized for the input portion of the circuit. The LM193AQML-SP was used for its open collector
output, radiation specifications, and two channel count. Whenever the input voltage, Vin, is within the window of
comparison (26 V to 30 V), the output of the circuit, VOUT, is high. Whenever Vin is outside of the window of
comparison, the VOUT is pulled down to GND.
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Design Notes
1. Select a high-voltage comparator with an open collector output stage.
2. Select a comparator with low input offset voltage to optimize accuracy.
3. Calculate values for the resistor divider so that VOUT goes high whenever V1 crosses VREF and goes low
whenever V2 crosses VREF.
4. Calculate R5 such that shunt regulator is within sink current specification for entire operating range.
Design Steps
1. Select a high-voltage comparator with an open collector output stage that can operate at the highest
possible supply voltage. In this design, the highest input/supply voltage is 36 V.
2. Determine an appropriate reference level, VREF, for the window comparator. The TL1431-SP internal
reference voltage, 2.5 V, was used for ease of calculations. If another reference voltage were to be used with
the TL1431-SP, a voltage divider would be needed between the cathode and anode of the shunt regulator,
with VREF between the resistors.
3. Calculate the value of R5, the resistor across VIN and VREF, by relating VREF to the operating voltage range.
Ensure that R5 is at a level where the shunt regulator is sufficiently biased for the entire operating range. The
current needed to bias the TL1431-SP, IBias, has to be between 1 mA and 100 mA. A 4.7-kΩ resistor was
chosen as it kept the bias current within this range for the entire voltage operating range.
IBias

( Min )

=

Vin

( Min )

- VRef

=

20 V - 2 . 5 V

R5

IBias

( Max )

Vin

=

( Max )

- VRef

R5

=

4 . 7 kΩ

= 3 . 72 mA

36 V - 2 . 5 V
4 . 7 kΩ

= 7 . 12 mA

Values between 350 Ω and 16 kΩ could be used in this design. Consideration was made to minimize the
bias current, yet give some buffer from the 1 mA minimum specification. If VREF is seen to be noisy, a
decoupling capacitor can be placed between the node and GND to filter out the noise.
4. The positive input to the top comparator, V1, and the negative input to the bottom comparator, V2, can be
related to Vin through voltage division:
V1 = Vin (

R2 + R3
R1 + R2 + R3

) , V2 = Vin (

R3
R1 + R2 + R3

)

The window comparator trips when V1 passes VREF to output high, and again when V2 passes VREF to
output low. The comparator is low if V1 is less than VREF. In this design, the window comparator will trip high
when Vin equals 26 V and trip low when Vin equals 30 V; both while VREF equals 2.5 V.
2 . 5 = 26 (

R2 + R3

) → 10 . 4 =

R2 + R3

R1 + R2 + R3

2 . 5 = 30 (

R3
R1 + R2 + R3

R1 + R2 + R3

) → 12 =

R1 + R2 + R3
R3

5. Solve both equations from step 4 for (R1+R2+R3) and substitute one equation for the other.
10 . 4 R2 + 10 . 4 R3 = R1 + R2 + R3
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12 R3 = R1 + R2 + R3
12 R3 = 10 . 4 R2 + 10 . 4 R3
10 . 4 R2 = 1 . 6 R3 → 6 . 5 R2 = R3

6. Using the relationship obtained in step 5, solve for a relationship between R1 and R2.
12 ( 6 . 5 R2 ) = R1 + R2 + 6 . 5 R2
78 R2 = R1 + 7 . 5 R2 → 70 . 5 R2 = R1

7. Using the equations derived in steps 5 and 6, size resistors R1, R2, and R3 accordingly. For this design,
R2 was set to be 2.55 kΩ, which meant R1 and R3 would be 179.775 kΩ and 16.575 kΩ, respectively. The
magnitude of these resistors were chosen based off of the current consumption across the voltage divider
(around 100 to 180 μA across the operating condition).
8. Select a 5% tolerant resistor to act as the pullup resistor, R4, from the output of the window comparator
to VPU. Size this component large enough to ensure the current sinked by the comparator is not large, but
small enough that the leakage current drawn by the comparator output when high is not causing too large of
a voltage drop.
9. The values obtained in step 7 were adjusted for 1% resistor tolerances to be 178 kΩ, 2.55 kΩ, and 16.5 kΩ
for R1, R2, and R3, respectively. Due to these changes, the window of comparison was shifted to trip earlier
for overvoltage conditions and later for undervoltage conditions. In the DC Simulation Results, the window of
comparison is between 25.8595 V and 29.856 V.
Design Simulations
DC Simulation Results
T

4.00
V1

Output

3.00

VREF

2.00

V2

1.00
VOUT

0.00
20.00

24.00

28.00

32.00

36.00

Input voltage (V)
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Transient Simulation Results
T

4.00

VOut

0.00
31.00
29.00
Vin
27.00
25.00
10.00m

0.00

20.00m

Time (s)

32

Space-Grade, 100-krad, Window Comparator Circuit
Copyright © 2021 Texas Instruments Incorporated

SNOAA74 – APRIL 2021
Submit Document Feedback

www.ti.com

References:
1. SPICE Simulation File: http://www.ti.com/lit/zip/snom708.
Design Featured Comparator
LM193QML-SP
VS

2 V to 36 V

VinCM

0 V to 34.5 V

VOUT

Open-Collector

VOS

5 mV

IQ

200 μA/channel

tPD(HL)

2.50 μs

TID Radiation Lot Acceptance
Test (RLAT) / RHA

100 krad(Si)

TID Characterization (ELDRSFree)

100 krad(Si)

SEL Immune to LET

SEL Immune (Bipolar process)

http://www.ti.com/product/LM193QML-SP

Design Featured Shunt Reference
TL1431-SP
VKA

2.5 V to 36 V

IKA

1 mA to 100 mA

VI(ref)

2.5 V

Initial Accuracy

0.4%

TID

100 krad(Si)

SEL Immune to LET

SEL Immune (Bipolar process)

www.ti.com/product/TL1431-SP

Design Alternate Comparator
TLV1704-SEP

LM139AQML-SP

VS

2.2 V to 36 V

2 V to 36 V

VinCM

Rail-to-rail

0 V to 34 V

VOUT

Open-Collector, Rail-to-rail

Open-Collector

VOS

500 µV

2 mV

IQ

55 µA/channel

200 μA/channel

tPD(HL)

460 ns

2.50 μs

TID Characterization (ELDRSFree)

30 krad(Si)

100 krad(Si)

TID Radiation Lot Acceptance
Test (RLAT) / RHA

20 krad(Si)

100 krad(Si)

SEL Immune to LET

43 MeV·cm2/mg

SEL Immune (Bipolar process)

https://www.ti.com/product/
TLV1704-SEP

https://www.ti.com/product/
LM139AQML-SP
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Application Brief

Space-Grade, 50-krad, Overcurrent Event-Detection
Circuit

Carolus Andrews
Design Goals
Input

Overcurrent
Conditions

Output

Supply

Response
Time

Total Ionizing
Dose

Single Event
Immunity

Iload Min

Iload Max

IOC_TH

Vout_OC

VS

tdelay

TID

SEL

5A

10A

11A

2.2V

5V

< 5µs

50 krad (Si)

75
MeV×cm2/mg

Design Description
This is a unidirectional current-sensing solution, generally referred to as overcurrent protection (OCP) that can
provide an overcurrent alert signal to power off a system exceeding a threshold current. In this particular setup,
the normal operating load is from 5A to 10A, with the overcurrent threshold defined at 11A (IOC_TH). The current
shunt monitor and comparator are powered from a single 5-V supply rail. OCP can be applied to both high-side
and low-side topologies. The solution presented in this circuit is a high-side implementation, with RL placed as a
representation of a purely resistive system load at 4Ω. This circuit is useful in a variety of power applications for
telemetry, health monitoring and system diagnostics. In addition to this functionality, this circuit implements the
INA901-SP, which is a Radiation-Hardness-Assured (RHA), 50-krad(Si) capable device at Low Dose Rate, that
is also Single Event Latch-up (SEL) Immune to 75 MeV-cm2/mg at 125°C. The comparator function is fulfilled by
a LM193QML-SP, but the LM139AQML-SP can be used here as well, if additional comparator device count is
needed.
RSHUNT
10m
VCC
RL

ILOAD

4

+ VSENSE ±
U1

5V

C1

V+

GND
100 nF

INA901-SP

GND

R2

PRE
OUT BUF IN

GND

GND
+

R1

5.1k

U2

± + LM193QML-SP

INA_OUT
R3

GND

12k

GND

IN-

IN+

OUT

VCC

ALERT

VCC

10k

GND
GND

C2

100 nF
GND
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Design Notes
1. For accurate comparator applications without hysteresis, it is important to maintain a stable power supply
with minimized noise and glitches. To achieve this, use decoupling capacitors C1 and C2 to ensure device
supplies are stable. Place the decoupling capacitors as close as possible to the supply pins of their
respective devices. This should also be implemented on the negative supply of the comparator, if used.
2. If a larger dynamic current measurement range is required with a higher trip point, a voltage divider from the
INA901-SP OUT pin to ground can be incorporated with the divider output going to the LM193QML-SP input.
Ensure that the designed range of the INA901-SP remains within the input common-mode specification of
the LM193QML-SP.
3. If additional short circuit to ground protection is needed in the circuit, fuses in series with the input pins
can provide this functionality, but resistors should not be used for this purpose. Addition of resistors to the
input pins of the INA901-SP will fundamentally change the gain of the amplifier. However, the tolerance of
the internal resistors will fluctuate up to 30% (these resistors are matched to one another, rather than an
absolute value), and thus this change in gain will vary from device to device, and cannot be considered
reliable design.
Design Steps
1. Full Scale Range: Determine the load range of conditions needing to be monitored. Choice of RSHUNT
should be made with respect to the maximum range of current allowable to the input sense voltage, including
the overcurrent value. Additional considerations are offset voltage on the lower end of measurement, and
maintaining a valid common mode voltage on the input pins of the LM193QML-SP. While designing with
INA901-SP, for best performance, ensure that the IMIN condition with the chosen shunt produces a sense
voltage > 20mV to comply with the Accuracy Variations as a Result of VSENSE and Common-Mode Voltage
section of the INA901-SP Radiation Hardened, –15-V to 65-V Common Mode, Unidirectional Current-Shunt
Monitor Data Sheet.
2. Gain Options: For the INA901-SP, only a 20V/V option is available, so this condition is fixed for this design.
3. Choosing a shunt resistor: Given the design conditions, choose an appropriate shunt using the following
equation. Note that there is a 200-mV reduction on the supply voltage to ensure that the device meets
swing-to-rail limitations of the device. Numerical values come from the previously-defined use case:

R SHUNT ,MAX <

Vs F 0.2
ILOAD ,MAX × GAIN

R SHUNT ,MAX <

5 F 0.2
= 21.8m3
11 × 20

A shunt resistor value of 10mΩ is chosen for the design. Be aware that while a larger shunt provides
more utilization of the full scale range, thermal constraints on the shunt will increase proportionally with the
resistance. Selection of a higher value will also increase the voltage of the overcurrent trip point, which may
cause challenges in satisfying the common-mode requirement of the LM193QML-SP.
4. Setting the overcurrent point: From the INA901-SP, with the value of RSHUNT now determined, it is found
that the output of the INA901-SP at the overcurrent point is:

8176_1% = +.1#& _1% × 45*706 × )#+0 = 11# × 10I× × 20 = 2.28
The overcurrent condition is set by a voltage divider between R2 and R3 set for the previously-mentioned
point. Choose a value for R3 and calculate the needed resistor R2. Here, R3 is chosen at 10kΩ:

10G×
× 8?? = 2.28
10G× + 42
42 = 12.73G×
Note that the LM193QML-SP requires that at least one input be from 0V to 3V when operating at a supply
of 5V to satisfy the input common-mode requirement. This node held at a constant 2.2V satisfies this
requirement for all values of comparison.
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Often, calculated resistor values will not directly align with available resistor choices. Here, 12.73kΩ is not a
standard value, so the closest standard value of 12kΩ is selected. The actual overcurrent point based on the
resistor value can be found by combining the previous equations.

41
8%%
10G×
58
+.1#&1% = l
p
=l
pl
p = ÚÚ. Üßm
41 + 42 45*706 × )#+0
10G× + 12G× 10I× × 20
5. Offset error check: Check that the minimum meaningful current measurement is significantly higher than
the current shunt monitor input offset voltage. The recommended maximum error from offset, eVOS is 10%.
The value of eVOS can be lowered for tighter error targets:

+&'8+%' _/+0 =

815,SKNOP ?=OA
3.5I8
=
= 3.5#
10
A815
× 45*706
× 0.01×
100
100

This value means that at a measured current of 3.5A for the chosen shunt, offset voltage will contribute a
10% error to the measurement.
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Design Simulations
Transient Simulation Results
High-Side OCP Simulation Results
The first simulation examines the ramp response of the circuit, as the current transitions above the overcurrent
trigger point.

INA901-SP Overcurrent Ramp Response

INA901-SP Overcurrent Ramp Response, Zoom In
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Next, examining the delay response of the circuit, with a step response delivered at 4.0ms, it is shown that the
circuit responds to the event approximately 2.5µs later, so the delay response is satisfied:

INA901-SP Overcurrent Protection Step Response
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Design References
See the TI Precision Labs, Current Sense Amplifiers video series.
Design Featured Current Sense Amplifier
INA901-SP
VS

2.7V to 16V

VCM

–15V to 65V

VOUT

GND+3mV to VS-50mV, typical

VOS

±500μV, typical

Iq

350μA, typical

IB

±8μA, typical

TID Characterization (ELDRS-Free)

50krad (Si)

SEL Immune to LET

75 MeV-cm2/mg

https://www.ti.com/product/INA901-SP

For less harsh radiation environments, TI also offers the INA240-SEP, which offers Single Event Latch-up (SEL)
Immunity to 43 MeV-cm2/mg at 125°C. It is ELDRS Free to 30 krad(Si), and Total Ionizing Dose (TID) RLAT for
Every Wafer Lot is up to 20 krad(Si):
Table 2. Design Alternate Current Sense Amplifier
INA240-SEP
VS

2.7V to 5.5V

VCM

–4V to 80V

VOUT

GND+1mV to VS-50mV, typical

VOS

±5μV, typical

Iq

1.8mA, typical

IB

±90μA, typical

TID Characterization (ELDRS-Free)

30 krad (Si)

SEL Immune to LET

43 MeV-cm2/mg

https://www.ti.com/product/INA240-SEP

Table 3. Design Alternate Comparator
TLV1704-SEP

LM139AQML-SP

VS

2.2V to 36V

2V to 36V

VCM

Rail-to-Rail

0V to 34V

VOUT

Open-Collector, Rail-to-Rail

Open-Collector

VOS

500μV

2mV

Iq

55μA/channel

200μA/channel

tPD(HL)

460ns

2.50μs

TID Characterization (ELDRS-Free)

30 krad (Si)

100 krad (Si)

SEL Immune to LET

43

MeV-cm2/mg

https://www.ti.com/product/TLV1704-SEP
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Application Brief

Space-Grade, 30-krad, High-Side Current Sensing
Comparator Circuit

Design Goals
Load Current (IL)

System Supply

Comparator Output Status

Radiation

Over Current
(IOC)

Recovery Current
(IRC)

Typical

Over Current

Normal Operation

Total Ionizing
Dose (TID)

SEL Immunity to LET

1A

0.5 A

10 V

VOL < 0.4 V

VOH = VPU = 3.3 V

30 krad(Si)

43 MeV·cm2/mg

Design Description
This application brief shows how to implement a simple rad-tolerant circuit that detects an over-current event
caused by a single-event latch-up (SEL), in systems where not all other components SEL immune up to
the target LET. This solution uses one comparator with a rail-to-rail input common mode range to create an
over-current alert (OC-Alert) signal at the comparator output (COMP OUT) if the load current rises above 1A.
The OC-Alert signal in this implementation is active low. So when the 1A threshold is exceeded, the comparator
output goes low. Hysteresis is implemented such that OC-Alert will return to a logic high state when the load
current reduces to 0.5A (a 50% reduction). This circuit uses an open-collector output comparator in order to level
shift the output high logic level for controlling a digital logic input pin. For applications needing to drive the gate of
a MOSFET switch, a comparator with a push-pull output is preferred.
R6 100 m

V_LOAD
VPU 3.3 V

+
–

VS 10 V
R1 30.1 k

R2 2 M

I_LOAD
R3 1 k

VS

R4 20.5 k

+

+

COMP OUT
R5 1 M
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Design Notes
1. Select a comparator with rail-to-rail input common mode range to enable high-side current sensing.
2. Select a comparator with an open-collector output stage for level-shifting.
3. Select a comparator with low input offset voltage to optimize accuracy.
4. Calculate the value for the shunt resistor (R6) so the shunt voltage (VSHUNT) is at least ten times larger than
the comparator offset voltage (VIO).
Design Steps
1. Select value of R6 so VSHUNT is at least 10x greater than the comparator input offset voltage (VIO). Note that
making R6 very large will improve OC detection accuracy but will reduce supply headroom.
VSHUNT = ( IOC R6 ) ≥ 10 VIO = 55 mV
set R6 = 100 mΩ for IOC = 1 A & VIO = 5 . 5 mV

2. Determine the desired switching thresholds for when the comparator output will transition from high-to-low
(VL) and low-to-high (VH). VL represents the threshold when the load current crosses the OC level, while VH
represents the threshold when the load current recovers to a normal operating level.
VL = VS - ( IOC R6 ) = 10 - ( 1 × 0 . 1 ) = 9 . 9 V

VH = VS - ( IRC R6 ) = 10 - ( 0 . 5 × 0 . 1 ) = 9 . 95 V

VL = 9.9V

VH = 9.95V

3. With the non-inverting input pin of the comparator labeled as VTH and the comparator output in a logic
low state (ground), derive an equation for VTH where VH represents the load voltage (VLOAD) when the
comparator output transitions from low to high. Note that the simplified diagram for deriving the equation
shows the comparator output as ground (logic low).
(Non-Inverting
Input Pin)
VTH

COMP OUT
Logic Low
Output

VH
(V_LOAD)

VTH = VH (

R2
R1 + R2

R1

R2

)

4. With the non-inverting input pin of the comparator labeled as VTH and the comparator output in a
high-impedance state, derive an equation for VTH where VL represents the load voltage (VLOAD) when
the comparator output transitions from high to low. Applying "superposition" theory to solve for VTH is
recommended.
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Vpu

R3
(Non-Inverting
Input Pin)
VTH

VL
(V_LOAD)

VTH = VL (

R2 + R3
R1 + R2 + R3

) + VPU (

R2

R1

R1
R1 + R2 + R3

COMP OUT
(High-Z Output)

)

5. Eliminate variable VTH by setting the two equations equal to each other and solve for R1. The result is the
following quadratic equation. Solving for R2 is less desirable since there are more standard values for small
resistor values than the larger ones.
0 = VPU R12 + [ VPU R2 + VL ( R3 + R2 ) - VH R2 ] R1 + ( VL - VH ) [ R22 + ( R2 R3 ) ]

6. Select values for R3 and R2. Please note that R3 is significantly smaller than R2 (R3<<R2). Increasing R3 will
cause the comparator logic high output level to increase beyond VPU and should be avoided. For example,
increasing R3 to a value of 100k can cause the logic high output to be 3.6 V. In this case, we can select R2 =
2M and R3 = 1k.
R2 = 2 MΩ
R3 = 1 kΩ

7. Calculate R1 after substituting in numeric values for VPU, R2, VL, VH, and R3. For this design, set VPU = 3.3,
R2 = 2M, VL = 9.9, VH = 9.95, and R3 = 1k.
0 = 3 . 3 R12 + ( 6 . 591 M ) R1 - ( 200 . 1 G )
the positive root for R1 = 29 . 9 kΩ
using standard 1 % resistor values , R1 = 30 . 1 kΩ

8. Calculate VTH using the equation derived in Design Step 3; use the calculated value for R1. Note that VTH is
less than VL since VPU is less that VL.
VTH = VH (

R2
R1 + R2

) = 9 . 802 V

9. With the inverting terminal labeled as VTH, derive an equation for VTH in terms of R4, R5, and VS.
VTH = VS (

R5
R4 + R5

)

10. Calculate R4 after substituting in numeric values R5=1M, VS=10, and the calculated value for VTH.
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R4 = (

R5 ( VS - VTH )

) = 20 . 15 kΩ

VTH

using standard 1 % resistor values , R4 = 20 . 5 kΩ

Design Simulations
3.30

T

COMP OUT

156.68m
10.00

V_LOAD

9.80
0.00

500.00m

1.00
I_LOAD (A)

1.50

2.00

Transient Simulation Results
3.30

T

COMP OUT
156.68m
1.50
IOC = 1.0 A

I_LOAD
IREC = 0.5 A

0.00
10.00
VH = 9.95 V

V_LOAD
VL = 9.9 V

9.85
0.00

43

500.00m

1.00
Time (s)
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Design References
See Analog Engineer's Circuit Cookbooks for TI's comprehensive circuit library.
See Circuit SPICE Simulation File SBOMBL5, http://www.ti.com/lit/zip/sbombl5.
Design Featured Comparator
TLV1704-SEP
VS

2.2 V to 36 V

VinCM

Rail-to-rail

VOUT

Open-Collector, Rail-to-rail

VOS

500 µV

IQ

55 µA/channel

tPD(HL)

460 ns

#Channels

4

TID Characterization (ELDRS-Free)

30 krad(Si)

TID Radiation Lot Acceptance Test (RLAT) / RHA

20 krad(Si)

SEL Immune to LET

43 MeV·cm2/mg
https://www.ti.com/product/TLV1704-SEP
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Design Goals

Application Brief

Space-Grade, 100-krad, Programmable Voltage Source
Circuit With Remote Sense FB

Katlynne Jones
Design Goals
Parameter

Output

DAC Output Voltage

0V–5V

Output Voltage VLOAD

0V–8V

Minimum Load Resistance RLOAD

800Ω

Maximum Line Resistance Compensation

+28% of RLOAD

Total Ionizing Dose (TID)

100 krad(Si)

Single-Event Latch-up (SEL) Immunity

85 MeV·cm2/mg

Design Description
The programmable voltage output with sense connections circuit provides a precise voltage across a load,
compensating for parasitic series resistance. The amplifier A1 uses feedback from the high-side and low-side
of the attached load to accurately regulate the voltage between VSENSE+ and VSENSE–. The digital-to-analog
converter (DAC) output and discrete resistors set the voltage across the load. This circuit is used in applications
where additional line resistance may be present and must be compensated for by increasing the output voltage
to deliver the correct voltage to the load.
LM4050QML-SP
(5V)

5k

8k
R4

R2

+10.5V
A1

5k
R1
DAC121S101QML-SP

R LINE+

LMP7704-SP

+

DAC

VOUT

VSENSE+
CLOAD
1pF

RLOAD

8k
VSENSER3
RLINE-
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Design Notes
1. The LMP7704-SP supply voltage of 10.5V was selected according the derating specifications provided by
the National Aeronautics and Space Administration (NASA) in document EEE-INST-002 (April 2008) and
the European Cooperation for Space Standardization (ECSS) in document ECSS-Q-ST-30-11C Rev.1 (4
October 2011). The documents specify an 80% and 90% derating of the absolute maximum supply voltage
for linear ICs, respectively.
2. Select a DAC with low total unadjusted error (TUE) and with the required resolution for the application. Use
a DAC like the DAC121S10QML-SP device (which uses the supply as a reference) to minimize components
and solution size.
3. Choose a high-voltage amplifier, with rail-to-rail output to ensure sufficient output swing to drive the load
and line resistance. The amplifier should have low offset voltage and offset voltage drift so it does not
significantly contribute to output error.
4. Resistor mismatch directly contributes to gain error at the output. Use resistors with 0.05% tolerance or
better and low thermal drift.
5. For correct compensation of additional line resistance, the ratio of R2:R4 must match the ratio of R3:R1 as
closely as possible.
6. The amplifier supply voltage is chosen based on the required output voltage, additional line resistance, and
amplifier output swing at maximum load current.
7. To reduce error at zero-scale, supply a negative voltage to the amplifier.
Design Steps
1. The transfer function for VOUT based on DAC voltage and resistor values is:

2. An 8-kΩ resistance is chosen for R3. R1 is then calculated:
R1 =

VDAC,FS
VLOAD,FS

× R3 =

5V
× 8kΩ = 5kΩ
8V

3. R4 and R2 are chosen equal to R3 and R1, respectively.
4. Calculate the maximum load current based on the minimum load resistance and full scale VLOAD. The
maximum load current impacts the amplifier output voltage swing and the additional line resistance the
circuit can compensate.
ILOAD,max =

VLOAD,FS
RLOAD,FS

× R3 =

8V
= 10mA
800Ω

The required VCC voltage is calculated to drive 28% additional load resistance and still maintain voltage
regulation across RLOAD. VO,rail is the approximate amplifier output swing from V+ at a 10-mA load current.
VCC,min = CO,rail + 0.28 × RLOAD,min × ILOAD,max + VLOAD,FS = 200mV + 0.28 × 800Ω × 10mA + 8 V = 10.44 V
Derating the LMP7704-SP maximum supply by 80% gives a 10.5-V maximum supply.
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Design Simulations

Design Simulations
DC Transfer Characteristic
The following simulation shows the output transfer function of the circuit with 100Ω of additional line resistance.
8.00

T

VLoad

35.33m
9.05

Vo

39.88m
0.00

2.50
Input voltage (V)

5.00

Maximum Additional Line Resistance
This simulation shows the maximum load voltage of 8V being regulated with up to 226Ω of extra line resistance.
8.00

T

VLoad

6.34
10.33

226Ohms
Vo

8.00
0.00

250.00

500.00

Input resistance (ohms)
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Stability
The following figure displays a stability simulation of the circuit with a 1-pF load on the output. The phase margin
is 46°.

Gain (dB)

T 107.65

32.30

-43.05

Phase [deg]

93.72

46deg

-14.41

-122.55
10.00

10.00k
Frequency (Hz)

10.00MEG

Small-Step Response
The following figure displays an LSB step response of the circuit with 1-pF load on the output.
T

2.50061

VDAC

2.50000
4.00120
4.00083
VLOAD
4.00047
4.00010
4.43210
4.43169
VOUT
4.43129
4.43088
0.00

15.00u

30.00u

Time (s)
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Design References

Design References
Programmable voltage output with sense connections circuit
Additional Resources:
•
•

Learn more about using precision DACs at our Precision DAC Learning Center.
Learn about TI's precision DAC portfolio and find more technical content.

For direct support from TI Engineers use the E2E community: e2e.ti.com.
Design Featured Devices
Device

Key Features

Link

DAC121S101QML-SP

Radiation-hardened, 12-bit micro power digital-to-analog converter with rail-to-rail
output

https://www.ti.com/product/DAC121S101QML-SP

LMP7704-SP

Low-power, high-precision, low-noise, rail-to-rail output, operational amplifier

https://www.ti.com/product/LMP7704-SP

LM4050QML-SP

Radiation-hardness-assured (RHA) 2.5-V or 5-V shunt voltage reference

https://www.ti.com/product/LM4050QML-SP
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Design Goals

Application Brief

Space-Grade, 100-krad, Programmable Negative Voltage
Source (–5 V to 0 V) Circuit

Katlynne Jones
Design Goals
Parameter

Output

DAC Supply Voltage

5V

Amplifier Supply Voltage

10.5V (+5V, –5.5V)

DAC Output Range

0V to 2.5V

Output Voltage Range

–5V to 0V

Power-On Reset Output

–5V

Total Ionizing Dose (TID)

100 krad(Si)

Single-Event Latch-up (SEL) Immunity

85 MeV·cm2/mg

Design Description
This circuit shows how to convert a positive unipolar digital-to-analog (DAC) output to a negative unipolar
output using only an external operational amplifier (op amp) and resistors. In many applications, such as
communications payloads, and radar imaging payloads, there are RF power amplifiers at the end of the RF
signal chain, and a DAC output can be used to bias the gate of a gallium nitride (GaN) power amplifier (PA). For
these amplifiers to be powered down, a negative potential must be applied to the gate. As such, it is beneficial to
have the gate voltage be negative by default. PA-biasing applications also require current output source and sink
capability that usually exceeds that of most DACs.
These design goals are achieved by utilizing the voltage-output DAC121S101QML-SP, an external reference,
and the LMP7704-SP. The DAC output and reference output are connected to a differential amplifier with the
reference connected to the inverting input. This enables the zero-scale output of the DAC to set the output of the
amplifier to its negative full-scale value.
LM4050QML-SP
(5V)
R1
2k

R3
4k

+5 V
VDD

DAC

VDAC

R2
2k

–
+

R4
4k

LMP7704-SP

5.5 V

RISO
5

VOUT

CLOAD
1µF

DAC121S101QML-SP
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Design Notes
1. The LMP7704-SP supply voltage of 10.5V (+5V, –5.5V) was selected according the derating specifications
provided by the National Aeronautics and Space Administration (NASA) in document EEE-INST-002 (April
2008) and the European Cooperation for Space Standardization (ECSS) in document ECSS-Q-ST-30-11C
Rev.1 (4 October 2011). The documents specify an 80% and 90% derating of the absolute maximum supply
voltage for linear ICs, respectively.
2. At power-on, the DAC output assumes a default value. This value can be configured in some devices by
connecting a reset-select pin to a high or low potential, which selects a start-up value of zero-scale or
mid-scale. In RF PA biasing designs, it is beneficial to start at zero-scale to ensure the PA is disabled. Other
applications may require a DAC to start at mid-scale.
3. The amplifier selected must provide the output current required by the application. Rail-to-rail outputs allow
the op amp power supplies to be minimized without clipping the desired output range of the circuit. In RF PA
biasing applications, there is usually a capacitive load on the output as well, so capacitive load stability is
important to consider.
4. The op amp must feature a bipolar supply, as the op-amp inputs will always be greater than or equal to 0V in
operation. The negative supply must be low enough to allow the output to reach its most negative value.
Design Steps
1. Select a DAC for the circuit based on initial on key requirements, such as the resolution, channel count,
output accuracy, and power supply. These performance requirements are application dependent and can
vary. However, a few additional items must be considered as well:
• The reference used to provide the offset of the differential amplifier is required to source current. Current
flows from the reference through the resistors in the feedback network (R1 and R3) to the output of the
amplifier. The maximum current occurs when the DAC output is at 0V and the output of the amplifier is at
its most negative potential. The following equation shows how to calculate this current. If the current load
is too great for the desired DAC reference, then add a unity-gain buffer to the circuit.
IREF _ MAX =
•

VREF − VOUT,MIN
R1 + R3

The output of the DAC also has to drive a resistive load, comprised of R2 and R4. The maximum required
current drive capability is expressed in the following equation:

IDAC _ MAX =

VDAC,MAX
R2 + R 4

•

DACs which have an output range from 0V to VREF allow the resolution to be optimized for the negative
output.
2. Calculate the output range of the system using the following equation. This is assuming that R3 and R4 are
equal and R1 and R2 are equal.
VOUT =

R3
( VDAC − VREF )
R1

3. Select resistor values to achieve a balance between output noise and power consumption. Lower resistor
values minimize the thermal noise of the resistors, but increase the power dissipation. The minimum
resistance values are limited by the output drive capabilities of the DAC and reference output. The accuracy
of the output transfer function is heavily dependent on the accuracy of the resistor ratios. High-accuracy
resistors are recommended.
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Design Simulations

Design Simulations
DC Transfer Characteristics
The following simulation shows the output transfer function of the circuit. The voltage output of the DAC is varied
from 0V to 2.5V.
0.00

T

VOUT

-5.00
0.00

1.25

2.50

Input voltage (V)

Stability
The following figure displays a stability simulation of the circuit with a 1-µF load on the output. A 5-Ω RISO
resistor was added to the output to achieve a phase margin of 68°.

Gain (dB)

T 107.53

26.20

-55.12
93.04

Phase [deg]

68deg
-14.21

-121.46
10.00
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Small-Step Response
The following figure displays an LSB step response of the circuit with a 1-µF load on the output. The 5-Ω RISO
resistor from the previous section provides a stable response.
1.25061

T

VDAC

1.25000
-2.49851

-2.49891
VOUT
-2.49932

-2.49973
0.00

25.00u

50.00u

Time (s)
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Design References

Design References
Unipolar negative voltage source from unipolar DAC circuit
Additional Resources:
•
•

Learn more about using precision DACs at our Precision DAC Learning Center.
Learn about TI's precision DAC portfolio and find more technical content.

For direct support from TI Engineers use the E2E community: e2e.ti.com.
Design Featured Devices
Device

Key Features

Link

DAC121S101QML-SP

Radiation Hardened 12-Bit Micro Power Digital-to-Analog Converter With Rail-to-

https://www.ti.com/product/DAC121S101QML-SP

Rail Output
LMP7704-SP

Low-power, high-precision, low-noise, rail-to-rail output, operational amplifier

https://www.ti.com/product/LMP7704-SP

LM4050QML-SP

Radiation-hardness-assured (RHA) 2.5-V or 5-V shunt voltage reference

https://www.ti.com/product/LM4050QML-SP
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Application Brief

Space-Grade, 100-krad, Voltage-Controlled Current Sink
(0–200 mA) Circuit

Fadi Matloob
Design Goals
Parameter

Design Goal

TEC Driver Control Signal

12V

DAC Output Range

0mV–500mV

Output Current Range

0mA–200mA

Uncalibrated Accuracy

±2% (±4mA)

Calibrated Accuracy

±1% (±2mA)

Total Ionizing Dose (TID)

100-krad(Si)

Single Event Latch-up (SEL) Immunity

85 MeV·cm2/mg

Design Description
Voltage controlled current sinks are an integral part of many current-controlled space applications. One of its
most popular applications is adjustable-current, laser diode drivers which are often used in laser communications
systems (also known as optical inter-satellite links (OISL)). The circuit is also seen in other applications like
LiDAR which might benefit from laser diodes. It consists of three main elements: the sense resistor (RSense), an
N-channel MOSFET (Q1), and an operational amplifier (op amp) that controls the MOSFET.
The basic operating principle of the circuit starts with current flowing through the load from a voltage supply (in
this case 5 V). As current flows through the load, a voltage is developed on RSense. The op amp uses the sensed
voltage as feedback and drives its output until the sensed voltage is equal to the DAC output (non-inverting
input). In this case, Q1 is operated in the linear region and serves as a voltage-controlled resistance. The
components: Riso, CF, and RF are used to compensate the circuit and ensure stable operation.
12 V

Current Sink Control

Current Sink Circuit
5V

RREF 1.0 k

15
Resistive Load

CREF
60 F
DAC121S101QML-SP
U2 - DAC
5V

R1 13.2 k

LM4050QML-SP
5.0-V Reference

+
R2 1.50 k

U1A
¼ LMP7704-SP

Riso 75

Q1
JANSR2N7467U2

±

12.0 V to 5.0 V Supply
12 V

5V

CF 30 nF
RF 1k

CIN_LDO
10 F

TPS7A4501-SP
U3 - LDO

RT 11.5 k
COUT_LDO
10 F

RSense 2.5

RB 3.7 k
GND
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Design Notes
•
•
•
•

•

56

Use a high-precision and low-drift resistor for RSense.
The RSense power rating should be considered to ensure that no failures occur at the desired current load.
If a large resistive load is present, a separate high-voltage supply may be used for driving the current to the
load.
The LMP7704-SP supply voltage of 5V was selected according the derating specifications provided by the
National Aeronautics and Space Administration (NASA) in document EEE-INST-002 (April 2008) and the
European Cooperation for Space Standardization (ECSS) in document ECSS-Q-ST-30-11C Rev.1 (4 October
2011). The documents specify a derating of the absolute maximum supply voltage for linear ICs to at least
80% and 90%, respectively.
For proper operation, the power supplies must be decoupled. For supply decoupling, TI recommends placing
10-nF to 1-µF capacitors as close as possible to the op-amp power supply pins. For the single supply
configuration shown, place a capacitor between the V+ and V– supply pins. Bypass capacitors must have a
low ESR of less than 0.1Ω.
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Design Steps
Component Selection
1. Identify the current sink specifications:
• Specifications for the circuit shown:
– Input voltage range (DAC output): 0mV to 500mV
– Resistive load: 15Ω
– Load current range: 0mA to 200mA
– Current error: ±4mA
2. Sense resistor selection (RSense):
• The selection of RSense comes down to power dissipation versus precision.
– Smaller values of RSense yield smaller voltage drops for the same amount of current and ultimately
dissipate less power. However, since the RSense voltage drop is smaller, higher precision components
may need to be used to achieve the same error tolerance.
– Higher values of RSense can be created by paralleling resistors to share the power dissipation.
• In the circuit shown, the RSense value is selected based on the maximum DAC output voltage (VDACMax)
and the maximum load current (IMax) as shown:
V
RSense = DACMax
I
Max

•

500mV
RSense = 2.5Ω = 200mA

In this case, the 2.5-Ω RSense produces a voltage of 10mV per 4mA of load current. Therefore, to meet
the desired current error specification of ±4mA, the total voltage error should be less than 10mV (2.5Ω
× 4mA). The total voltage error includes the offset voltage error from the op amp, the op amp input bias
current error through resistor RF, DAC output error, and the RSense resistor error.
– Fortunately, the LMP7704-SP has great DC performance with a typical offset voltage of ±32µV and a
typical input bias current of ±0.2pA. Calculate the error contribution as follows:
Error mV =

Vos + IB × RF

Error mV = 0.032mV =

× 1000

±32uV + ±0.2pA × 1kΩ

× 1000

– The DC error of the amplifier, as shown, is not a significant contributor to the allowed 10mV of error.
– In many cases, most of the error is observed from the RSense tolerance, RSense drift, and the DACs
offset error, gain error, and drift.
– Use the DAC121S101QML-SP to achieve the circuit requirements and maintain the radiation
performance.
3. Amplifier selection (U1A):
• The amplifier selection is rather straightforward. From the perspective of meeting the current error
specifications, consider the offset voltage of the op amp and its input bias current (as shown previously in
the Sense Resistor Selection section).
• The op amp should also have an input common-mode range that extends to the negative rail (GND in this
case) to support the low output range of the DAC. However, there is a hidden criterion for selection under
one or both of the following two conditions: (1) the MOSFET has a threshold voltage (VGS(th)) close to the
available supply rail, (2) the resistive load of the system is close to the maximum load the supply rail can
handle.
• The hidden criterion is the output voltage swing of the op amp. Looking the circuit, the selected MOSFET
Q1 has a maximum VGS(th) across TID exposure of 4V and the circuit supply rail is 5V. At peak current,
the source voltage of the MOSFET is at 0.5V which is also the voltage across RSense (200mA × 2.5Ω). In
this case, the op amp with the 5-V supply must be able to swing to at least (V+) – 0.5V or 4.5V to reach
VGS(th). Similarly, in the case of condition (2) the op amp must be able to swing close to the positive rail to
maximize the largest resistive load that can be driven.
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•

Calculate the largest resistive load as follows (assuming no voltage drop across Q1):
V −I
× RSense
RLoadMax = CC Max
I
Max

× 2.5Ω
RLoadMax = 22.5Ω = 5V − 200mA
200mA

4. MOSFET selection:
• Ensure that the MOSFET VGS(th) can be driven by the op amp and that it can handle the power
dissipation for the expected load resistance and maximum current:
PQ1 = VCC × IMax − IMax2 × RLoad + RSense
PQ1 = 0.3W = 5V × 200mA − 200mA

5. Current Sink Control Circuit

2

× 15Ω + 2.5Ω

12 V
RREF 1.0 k

CREF
60 F
DAC121S101QML-SP
U2 - DAC
LM4050QML-SP
5.0-V Reference

R1 13.2 k
VCTRL
R2 1.50 k

•
•
•

•

•
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The DAC121S101QML-SP can provide a means of adjusting the voltage used to control the current sink.
The LM4050QML-SP provides a 5.0-V reference to the DAC. When CREF = 60μF, the LM4050QML-SP is
immune to SETs.
Since the DAC121S101QML-SP is a 12-bit DAC, it could have errors in the range of 10s of millivolts,
which would dominate the system error. Therefore, the output voltage is scaled down by a factor of 5/49,
given a maximum DAC operating voltage of 4.9V:
VDAC max = 4 . 9V

VCTRL max = 500mV

ILOAD max = 200mA

Scaling down the voltage also means that any error introduced by the DAC121S101QML-SP or the
LM4050QML-SP voltage reference are reduced by a factor of 5/49. Using a ratio of 5/49 also allows for
the selection of standard 0.1% resistor values. The resistors introduce up to 0.179735% of error given the
nominal resistor values and accounting for potential resistor value variation.
A key consideration for the system accuracy is the error introduced by the DAC and other devices. The
error is often referred to as the Total Unadjusted Error (TUE) and is relative to the control voltage (VCTRL)
which is the dominant source of error for the circuit. In the circuit, the following error sources must be
considered:
– LM4050QML-SP 5.0-V Voltage Reference: Initial Accuracy, Drift over temperature (ΔVR/ΔT)
– DAC121S101QML-SP DAC: Zero Code Error (ZEC), Gain Error (GE), ZEC Drift, and GE Drift
– Resistor Divider (R1 and R2) Tolerance Error
– LMP7704-SP: VOS, IOS, and IBIAS

Space-Grade, 100-krad, Voltage-Controlled Current Sink (0–200 mA) Circuit
Copyright © 2021 Texas Instruments Incorporated
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•

In this circuit, both Beginning of Life (BOL) and temperature tolerances are considered for calculating
the VCTRL TUE. Root Sum Square (RSS) is used to represent the added error of all sources. Error
contributions from the voltage reference and the DAC are scaled by 5/49 in the TUE calculation.

DAC

Data Sheet
Specification

TUE
T= 25°C

Data Sheet
Specification

TUE
ΔT = –55 to 125°C

TUE + Gain
Calibration
ΔT = –55 to 125°C

INL (V)

2.75 LSB

3.357E-3

8.0 LSB

9.766E-3

9.766E-3

DNL (V)

0.21 LSB

256.348E-6

1.0 LSB

1.221E-3

1.221E-3

ZCE (V)

4 mV

10 mV

10.000E-3

10.000E-3

–3.6E-3

–3.600E-3

1.00%

50.000E-3

1.221E-3

–1 ppm/°C

–900.0E-6

–900.000E-6

0.23% at IR<1mA

11.500E-3

9.000E-6

30.6E-3

30.600E-3

4.000E-3

ZCE-Drift (V)
GE (V)

–20 µV/°C
–0.11%

5.500E-3

GE-Drift (V)
Volt. Ref.
Initial Acc. (V)

0.23% at
IR<1mA

11.500E-3

ΔVR/ΔT (V)

34 ppm/°C

Op Amp
VOS (V)

±37 μV

37.000E-6

±500 μV

500.000E-6

500.000E-6

IBIAS (A)

±200 fA

200.000E-12

±400 pA

400.000E-12

400.000E-12

600.000E-9

600.000E-9

900.000E-6

900.000E-6

898.674E-6

898.674E-6

898.674E-6

1.669E-3

6.420E-3

3.718E-3

0.334%

1.284%

0.744%

IBIAS × R2 (V)

300.000E-9

VOSDrift (V)

±5 μV/°C

Scaling Res.
Resistor Div.
VCTRL RSS TUE (mV)
VCTRL RSS Error%

•

•

The first TUE calculation does not include drift over temperature and achieves less than 1% accuracy.
The next TUE calculation accounts for the variation in temperature for ΔT = 180°C (–55 to 125°C) as well
as the extreme maximum and minimum values provided in each respective data sheet over temperature.
Accounting for both extreme values as well as the effect of temperature drift on certain specifications, the
second TUE calculation achieves less 2% TUE.
In the previous calculation the error is dominated by the Gain Error (GE) of the DAC, which over
temperature and radiation can vary as much as 1.0%. The GE accounts for up to 50mV of error at the
output of the DAC or 5.102mV when scaled by a factor of 5/49. Reduce this error, as well as the error
introduced by the initial accuracy of the reference, by performing gain calibration. With gain calibration,
the TUE is reduced to 3.718mV or 0.759% of VCTRL. The calibration allows for the design to achieve
1.0% accuracy.
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6. Compensation components selection:
• Stability analysis is done in the frequency domain and circuit stability is verified by the small signal
transient step response. The criterion to ensure stability is a minimum phase margin of 45 degrees or a
rate-of-closure (ROC) of 20dB/decade at fcl (loop gain, AOLB = 0dB) where the AOL curve intersects 1/β.
• The following open-loop AC simulation breaks the loop at the input and the following equations are used
to plot the relevant curves:
AOL = Vo
Vo
1
β = VFB

AOLβ = VFB

•

The following figure shows the open-loop AC response of the circuit if Riso, RF, and CF are all zero (not in
the circuit). The AOLB phase margin is 13.77° which indicates that the circuit is only marginally stable.
Cin is the equivalent input capacitance of the LMP7704-SP and is added due to the inductor L1 breaking
the interaction of AOLB with the amplifier input capacitance.

•

1

AOL
$2/%

5V

U1 LMP7704-SP

RLoad 15

5V
Vin 250m

AOL
+ +

5V

Riso 0

Q1 JANSR2N7467U2

C1 1T

CF 0

L1 1T

RF 0
+

V1 5

VG1

•

RSense 2.5

AOLB

Cin 25p

The AC simulation can be verified by the small signal step transient response. The small signal transient
step response shows that the circuit has a long settling time with excessive ringing. Therefore, it is highly
susceptible to oscillations.
5V

U1 LMP7704-SP

RLoad 15

5V
Vin:1 240m
5V
+
V1 5

+ +
-

VOUT:2
Riso 0

Q1 JANSR2N7467U2

CF 0

RF 0
IOUT:3

RSense 2.5

•

The reason for the instability is: the op amp output impedance interacts with the MOSFET input
capacitance and creates a pole in the AOL curve that causes a 40-dB/decade ROC. To compensate
the circuit, start by finding the value for the isolation resistor Riso, needed to mitigate the problem. Two
things are needed to find Riso, (1) the frequency where AOL is 20dB (f20dBAOL), previously shown in
the figure as 228.3kHz, (2) the input capacitance of the MOSFET which is found in the data sheet as
9.11nF. Then, use the following equation:
Riso = 2 × π × f 1
20dBAOL × Cload
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•
•

1
Riso = 75Ω ≈ 2 × π × 228.3kHz
× 9.11nF

For more details on Riso and driving capacitive loads, see TI Precision Labs - Op Amps: Stability Capacitive loads.
The new open loop AC response, after adding Riso, is shown next. Even though the second pole in AOL
was eliminated, the circuit remains only marginally stable due to a zero in 1/β caused by the delay from
Riso and the input capacitance of the MOSFET in the V-I loop.
1

AOL
$2/%

5V

U1 LMP7704-SP

RLoad 15

5V
Vin 250m

AOL
+ +

5V

Riso 75

Q1 JANSR2N7467U2

C1 1T

CF 0

L1 1T

RF 0
+

V1 5

VG1

•

AOLB

Cin 25p

RSense 2.5

The simple fix to this is to create a high frequency pole in 1/β and bypass the MOSFET at higher
frequencies. By adding the capacitor CF, the amplifier returns to unity gain over the frequency range of
interest. Calculate the value of CF by looking at the location of the 1/β zero (fz1/β), shown in the previous
figure as 67.78kHz. The value of CF is then calculated as:
CF = 2 × π × R1 × f 1
iso
z

β

•

CF = 30nF ≈ 2 × π × 75Ω1× 67.78kHz

With CF added, the new open loop AC response looks like the following:
1

AOL
$2/%

5V

U1 LMP7704-SP

RLoad 15

5V
Vin 250m

AOL
+

5V

Riso 75

+

Q1 JANSR2N7467U2

C1 1T

CF 30n

L1 1T

RF 0
+

V1 5

VG1

•

Cin 25p

AOLB

RSense 2.5

CF successfully formed the pole in 1/β; however, there is peaking in 1/β that causes instability. This
occurs when CF interacts with the transconductance of the MOSFET. The effect of the interaction is two
feedback loops to the amplifier. In this case, both feedback loops interact with each other around the
resonant frequency. Adding a small value for RF (10Ω) can isolate the two feedback loops. With an RF of
10Ω, the circuit seems to have 70° of phase margin at fcl; however, in reality, it is still not stable. The next
figure shows the instability through the rapid phase shifts in AOLB and the peaking in 1/β.
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1

AOL
$2/%

5V

U1 LMP7704-SP

RLoad 15

5V
Vin 250m

AOL
+

5V

Riso 75

+

Q1 JANSR2N7467U2

C1 1T

CF 30n

L1 1T

RF 10
+

V1 5

VG1

•

Cin 25p

RSense 2.5

AOLB

This may be confirmed by looking at the small signal transient step response which shows oscillation at
the resonant frequency of about 170kHz for small values of RF.
5V

U1 LMP7704-SP

RLoad 15

5V
Vin:1 240m
5V
+
V1 5

+

+

VOUT:2
Riso 75

Q1 JANSR2N7467U2

CF 30n

RF 0 *
IOUT:3

RSense 2.5

•
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The final step to stabilizing the circuit is to add a sufficiently large resistor (RF) to flatten out 1/β and
fully isolate CF from the MOSFET. Obtain the final value of RF through trial-and-error until the desired
small signal step response is achieved. Typically, RF is in the range of 1kΩ to 10kΩ. The final open
loop AC response is seen in the AC Simulation Results section. As seen from the previous simulation,
different RF values yield different small signal step responses. With a zero or small RF value, oscillations
and overshoot is observed. A value of 1kΩ for RF is sufficient to give the desired small signal transient
response.
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Design Simulations
Transient Simulation – Small Signal Step Response
The following figure shows the small signal transient step response has minimal overshoot and indicates that the
circuit is stable and has adequate phase margin.

5V

U1 LMP7704-SP

RLoad 15

5V
Vin:1 240m
5V
+
V1 5

+ +
-

VOUT:2
Riso 75

Q1 JANSR2N7467U2

CF 30n

RF 1k
IOUT:3

RSense 2.5

Compliance Voltage
The following figure shows where the circuit saturates as the load resistance is varied. The maximum supported
load is 22.47Ω which is almost exactly as anticipated by the previous maximum load calculation.
5V

+
U1 LMP7704-SP VLoad:2

V

RLoad 15

5V
Vin:1 500m
5V
+
V1 5

+ +
-

Riso 75

Q1 JANSR2N7467U2

CF 30n

RF 1k
IOUT:1

RSense 2.5

SNOAA79 – JUNE 2021
Submit Document Feedback

Space-Grade, 100-krad, Voltage-Controlled Current Sink (0–200 mA) Circuit
Copyright © 2021 Texas Instruments Incorporated

63

www.ti.com

DC Simulation Results
Load Current
The following plot shows the load current as a function of the input voltage (DAC output voltage). The
current goes from 0mA to 200mA as the input voltage changes from 0mV to 500mV. This meets the design
specifications.
5V
U1 LMP7704-SP

RLoad 15

5V
Vin:1 240m
5V
+

+
V1 5

Riso 75

+

-

Q1 JANSR2N7467U2

CF 30n

RF 1k
IOUT:3

RSense 2.5

AC Simulation Results
Stability
The following plot shows the open-loop, AC, gain and phase plot of the circuit. The phase margin is found to be
≈ 62°. The rate-of-closure at fcl (AOLB = 0dB) is 20dB/decade between AOL and 1/β. As discussed previously,
components Riso, RF, and CF compensate the circuit and ensure stability. For more details, see TI Precision
Labs - Op Amps: Stability - Introduction.
1

AOL
$2/%

5V

U1 LMP7704-SP

RLoad 15

5V
Vin 250m

AOL
+

5V

Riso 75

+

Q1 JANSR2N7467U2

C1 1T

CF 30n

L1 1T

RF 1k

+

V1 5

VG1
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Cin 25p

AOLB

RSense 2.5
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Design References
1. Sahu, K., and Leidecker, H. (April 2008). EEE-INST-002: Instructions for EEE Parts Selection, Screening,
Qualification, and Derating. Retrieved from https://nepp.nasa.gov/DocUploads/FFB52B88-36AE-4378A05B2C084B5EE2CC/EEE-INST-002_add1.pdf
2. European Cooperation for Space Standardization. (October 2011). ECSS-Q-ST-30-11C Rev.1 –
Derating – EEE components. Retrieved from https://ecss.nl/standard/ecss-q-st-30-11c-rev-1-derating-eeecomponents-4-october-2011
Design Featured Op Amp
LMP7704-SP
Vss

2.7V to 12V

VinCM

Rail-to-rail

Vout

Rail-to-rail

Vos

±32µV

Iq

2.9mA

Ib

±0.2pA

UGBW

2.5MHz

SR

1V / µs

#Channels

4

Total Ionizing Dose (TID)

100-krad(Si)

Single Event Latch-up (SEL) Immunity

85 MeV·cm2/mg

https://www.ti.com/product/LMP7704-SP

Design Alternate Op Amp
LM124AQML-SP
Vss

3V to 32V

Vos

2mV

Ib

45nA

UGBW

1MHz

SR

0.1V / µs

#Channels

4

Total Ionizing Dose (TID)

100-krad(Si)

SEL Immunity

SEL Immune (Bipolar process)

https://www.ti.com/product/LM124AQML-SP
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Application Brief

Space-Grade, 50-krad, 2-Wire, Discrete 4–20-mA Current
Transmitter Circuit

Nicholas Butts

Design Goals
Input

Output

Supply

Load

Vin_min

Vin_max

Iout_min

Iout_max

Vloop

Rload

0V

5V

4 mA

20 mA

12 V

250 Ω

Total Ionizing Dose

SEL Immunity

≥ 50 krad(Si)

≥ 77.5 MeV·cm2/mg

Design Description
This design uses discrete components to implement a 4- to 20-mA V-to-I current transmitter designed using
space-grade (SP) components for use in space applications. The circuit converts a differential voltage to a
current which can be transmitted over a long cable. Linear operation of this current transmitter depends on the
op amp input common-mode range, the headroom available for the transistor and LDO, and linear matching
of currents through R3 and R4 across the input voltage range. Since the inverting input to the op amp is tied
to its negative supply, the op amp must support common-mode voltages to its negative rail. It is important that
2-wire loop-powered current transmitters plus any peripherals that are on the same supply loop consume less
quiescent current than the minimum output current because the loop return current flows through the output
path.
VREG

VLOOP
VOUT

R7
12.4 k
C3
1 µF



R2 250 k



TPS7A4501-SP
5V Regulator



ADJ
GND

R8
3.97 k



IOUT

R1 62 k

+
–

+

T1
JANTXV2N2222A

½ LMP2012QML-SP
R5 100

-

VIN

VIN

+


C1
100 nF

C2 10 pF

VLOOP 12 V

VLOAD

RLOAD 250

+

IRET

I3

R6 10

I4



R3 9.88 k

R4 50



IOUT


ILOOP
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Design Notes
1.
2.
3.
4.
5.
6.

7.
8.
9.
10.
11.

67

Use low-tolerance resistors to achieve high current gain matching accuracy.
All resistors and capacitors must be verified space-grade for this design.
In this design, Iret is a local ground, separate from the supply ground, and must be allowed to float.
The current through R3 can be considered a quiescent current. That is, it is a current that should be
minimized so as to not use up the current budget. However, as I3 gets smaller, the matching ratio R3 / R4
gets larger, so in practice I3 cannot be made arbitrarily small.
For linear operation, the ratio of the current through R3 when Vin = Vin_max and Vin = Vin_min, I3_max / I3_min,
must be equal to the ratio of the maximum output current to the minimum output current, Iout_max / Iout-min.
This discrete 2-wire current transmitter solution allows the flexibility to set the output current to be different
than the standard 4–20 mA or 4–24 mA. This may be necessary because options for space-grade
components are relatively limited. For example, if the total quiescent current for the current transmitter plus
surrounding peripherals on the same supply loop cannot meet the requirement that they sum to less than
Iout_min (= 4 mA for this design), the output current range may be shifted to 8–24 mA or something similar.
C1 is a bypass compensation capacitor and is required for the stability of the circuit. Recommended
capacitor is 100 nF or greater.
R5 and C2 are additional components for compensating the circuit. They are not required for stability, but are
added for flexibility if additional compensation is required.
C3 is a required output capacitor for the TPS7A4501-SP. Recommended capacitor is 1 µF to 10 µF for
stability.
R6 linearizes the relationship between the op-amp output and the current through the transistor and limits the
current through the transistor.
This design can be implemented with a single LMP2012QML-SP or a similar device. See Design Alternate
Op Amp for an alternative device.
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Theory of Operation
A 4–20-mA V-to-I current transmitter takes a differential voltage as the input and outputs a current with a linear
relationship from input to output. This linear relationship depends on the common-mode range of the op amp and
the headroom available for the transistor and LDO. Furthermore, a current transmitter designed with a 2-wire
loop requires that the quiescent current drawn from all components on the loop path consume less than the
minimum output current Iout_min – 4 mA in this design. This includes the op amp, LDO, the current through the R3
and R5 branch, and any other peripherals that are on the same supply loop. As long as this requirement is met,
the op amp and transistor compensate to supply the remaining current to the loop to output the correct current to
the load resistor.
The output current Iout is the sum of the currents through R3 and R4, I3, and I4, respectively:

I3 is set by R1 and R2, along with the input voltage Vin and regulated supply Vreg. Under ideal operation, the
non-inverting terminal of the op amp has a virtual short to the local ground, Iret. Notice also that Vreg and Vin are
referenced to Iret. I3 is then the following:

I4 is the sum of the local ground return current Iret and the compensating current through the transistor T1.
For correct operation of the op amp, the voltages across R3 and R4 must be equal, so we have V3 = V4 and it
follows that:

The previous equation is rewritten as:

Combining the first equation, second equation, and previous equation, the transfer function for the circuit is
derived as:

It is apparent, then, that the current through R3 that is set by R1, R2, Vin, and Vreg is amplified by the factor
1 + R3 / R4.
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Design Steps
See the Design References section for an Excel calculator that calculates the resistor values for the required
specifications.
1. Define the input voltage range for the circuit. For this design Vin_min = 0 V, Vin_max = 5 V is chosen.
2. Define the output current range for the circuit. For this design Iout_min = 4 mA, Iout_max = 20 mA is selected.
3. Calculate R7 and R8 to set the output voltage for the TPS7A4501-SP LDO. The equation to set the output
voltage for this adjustable LDO follows:

In this equation, Vref is the internal bandgap reference voltage for the LDO. TPS7A4501-SP has a nominal
reference voltage Vref = 1.21 V and this design is targeting Vreg = 5 V, so the following applies:

To choose values, the following guideline is used: The current in the feedback resistors from output to
ground of an LDO must be at least 100 times the leakage current into the ADJ pin to avoid output accuracy
issues. For TPS7A4501-SP, the leakage current of the ADJ pin is 3 μA (typ). This yields the following
inequality:

16.67 kΩ ≥ R7 + R8

With R8 = 3.97 kΩ (standard value), the following equation is true:
R7 = 3.97 kΩ * 3.13 = 12,426 Ω ≈ 12.4 kΩ (standard value)

With these values for R7 and R8, the following equation is valid:
R7 + R8 = 3.97 kΩ + 12.4 kΩ = 16.37 kΩ ≤ 16.67 kΩ

Note
Since this design has a current budget limitation, it is desirable to size R7 and R8 to be near the
limit to minimize this quiescent current contribution.
4. Define the minimum and maximum currents through R3. See Design Note #5 before defining these currents.
For this design, I3_min = 20 μA, I3_max = 100 μA, is chosen.
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5. Calculate the values for R1 and R2 to set I3_min and I3_max as defined in Design Step #4. To do this, use the
first equation along with the specifications for Vreg, Vin_min, Vin_max, I3_min and I3_max. When Vin = Vin_min, the
following equations occur:

R2 = 250 kΩ (standard value)

When Vin = Vin_max, the following is true:

R1 = 62.5 kΩ ≈ 62 kΩ (standard value)

6. Calculate R3 / R4 to set the required current gain. To do this, use this equation along with Iout_min and I3_min.

Note
Only the minimum values of Iout and I3 are required to calculate R3 / R4 because it is assumed that
Design Note #5 has been followed.
7. Choose values for R3 and R4. Sizing R3 is much less important than sizing R4 because headroom issues can
arise if care is not taken when sizing R3. To see why, analyze the nodal voltages under the maximum loading
condition, Iout = Iout_max = 20 mA. The load voltage is the following:
Vload = Iout_max * Rload = 20 mA × 250 Ω = 5 V

Most of the output current comes through R4, so with R4 = 100 Ω, the voltage at Iret is approximately:
5 V + 100 Ω * 20 mA = 7 V
Vreg is referenced to Iret, so relative to the supply ground, Vreg = 7 V + 5 V = 12 V, in which case the LDO
enters dropout. If the LDO enters dropout, the LDO loses its power supply rejection (PSR) properties, and
the op amp has a reduced positive supply and so has a reduced ability to drive the base of the transistor
to provide additional output current. Furthermore, if Vreg droops, the current through R3 will be reduced and
the circuit begins to exhibit non-linear behavior. Also, if R6 is too large, the additional voltage drop across R6
further reduces the available headroom for the transistor.
With these considerations in mind, choose R4 = 50 Ω to avoid problems with headroom. It follows that:
R3 = 199 * 50 Ω = 9.95 kΩ ≈ 9.88 kΩ (standard value)
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Transient Simulation Results
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Design References
1. Texas Instruments, Excel Calculator Tool
2. Texas Instruments, TI Precision Labs - Current Loop Transmitters
3. Texas Instruments, Low Cost Loop-Powered 4-20mA Transmitter EMC/EMI Tested Reference Design
Design Featured Op Amp
LMP2012QML-SP
Vsupply
VinCM

–0.3 V to (V+) +0.3 V

Vout

(V-) + 40 mV to (V+) – 22 mV

Vos

±120 nV

Iq

930 μA per channel

Ib

–3 pA

UGBW

3 MHz

SR

4 V/μs

#Channels

2

Total Ionizing Dose

50 krad(Si)

SEL Immunity to LET

77.5 MeV·cm2/mg

https://www.ti.com/product/LMP2012QML-SP

Design Alternate Op Amp
LMP7704-SP
Vsupply

±1.35 V to ±6 V

VinCM

(V–) – 0.2 V to (V+) + 0.2 V

Vout

(V–) – 120 mV to (V+) + 120 mV

Vos

±32 μV

Iq

725 μA per channel

Ib

±200 fA

UGBW

2.5 MHz

SR

0.9 V/μs

#Channels

4

Total Ionizing Dose

100 krad(Si)

SEL Immunity to LET

85 MeV·cm2/mg

http://www.ti.com/product/LMP7704-SP
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Design Featured LDO
TPS7A4501-SP
Vin

2.3 V to 20 V

Vout

1.21 V to 20 V (adjustable output)

Iout

750 mA

Vdo (dropout voltage)

20 mV

Iq

1.1 mA

#Channels

1

Total Ionizing Dose

150 krad(Si)

SEL Immunity to LET

91.9 MeV·cm2/mg

https://www.ti.com/product/TPS7A4501-SP
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Application Brief

Space-Grade, 100-krad, Isolated Serial Peripheral
Interface (SPI) LVDS Circuit

Nigel Smith

Design Goals
Parameter

Design Requirement

Maximum Bit Rate

≥ 100 kbit/s

Isolation Voltage

≥ ±100 V

Maximum Cable Length

≥5m

Maximum Total Ionizing Dose

≥ 100krad (Si)

Maximum SEL

≥ 75MeV-cm2/mg

Design Description
The Serial Peripheral Interface (SPI) is commonly used in embedded systems to connect microcontrollers to
peripheral devices such as ADCs and DACs. It is often used in spacecraft applications, and sometimes an
isolated SPI implementation is necessary to preserve the spacecraft grounding principles or to support DC
offsets. The following circuit uses the SN55LVDS31-SP and SN55LVDS33-SP RS-422 driver and receiver
devices to implement one channel of an isolated SPI. Isolation is provided by the AC-coupling capacitors, whose
voltage rating determines the level of isolation supported.

Subsystem A

Subsystem B
+3.3 V
R5
4.7NŸ

R2
10NŸ

+3.3 V

C1
1nF

U1
R1
100Ÿ

+3.3 V
U2

C2
1nF

SN55LVDS33-SP
R3
1NŸ

SN55LVDS31-SP

R4
1NŸ

3 to 5 m
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Complete SPI Implementation
The following image is a typical four-signal SPI implementation. The circuit shown uses the SN55LVDS31-SP
and SN55LVDS33-SP devices and a 3.3-V supply voltage.
Sub system A (Primary)

Sub system B (Seconda ry)

R10
4.7kŸ

+3 .3 V
R7
10kŸ

+3 .3 V
4

C3
1nF

2

+3 .3 V
SCLK

+3 .3 V
16

2

4
1

R6

U1A

Ÿ

12

3

3

U3A

C4
1nF

1

SCLK_ ISO

12
8

R8
1kŸ

R9
1kŸ

+3 .3 V
R15
4.7kŸ

R12
10kŸ
6

MOSI

7

R11
Ÿ

U1B
5

C5
1nF

6

C6
1nF

7

5

U3B

R13
1kŸ

MOSI_ISO

R14
1kŸ

+3 .3 V
R20
4.7kŸ

R17
10kŸ
C7
1nF

10

CS

9

R16
Ÿ

U1C
11

10

R19
1kŸ

+3 .3 V
R2
10kŸ

+3 .3 V
16

+3 .3 V

C1
1nF

2

2

4

+3 .3 V

4
MIS O

3

U2A

C2
1nF

1

12

CS_ISO

9

R18
1kŸ

R5
4.7kŸ

11

U3C

C8
1nF

R1
Ÿ

U4A

3

1

MIS O_ISO

12

8
R4
1kŸ

R3
1kŸ

U1 = U4 = SN55L VDS31-SP
U2 = U3 = SN55L VDS33-SP
Decouplin g capa citors a nd unused gates no t sh own.
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Design Notes
The circuit biases the negative input of each receiver channel slightly above ground. Positive feedback changes
the bias point of the positive input depending on the output state of the receiver. When the output is high, the
positive input is biased higher than the negative input; when the output is low, the positive input is biased lower
than the negative input. In this way, the receiver always remains in the last state that it was actively driven to.
The time constant of the AC-coupling circuit is irrelevant, and there is no minimum operating frequency.
Receiver Function Table
SN55LVDS33-SP Function Table
Differential Inputs

Enables

Outputs

VID = V(A) – V(B)

G

G

Y

VID ≥ 50 mV

H

X

H

X

L

H

VID ≤ –50 mV

H

X

L

X

X

L

L

L

H

Z

Isolation
Isolation is provided by the AC-coupling capacitors. These should be chosen with a voltage rating greater than
the isolation voltage required. For improved failure tolerance, two capacitors in series can be used; however,
each capacitor must be rated for the full isolation voltage.
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Design Steps
In the following description the component reference designators referred to are those used in the circuit
diagram on the first page of this document.
•
•

Choose R1 to match the characteristic impedance of the cable used. In this case, with 24 AWG twisted pair
cable, R1 = 100 Ω.
Choose R2 and R3 so that when the output is low the differential input voltage is ≤ –50 mV. When the output
is low the voltage on the positive input is 0 V and the voltage on the negative input is given by the following
equation:

VI(

IN A )

§ R3 ·
¨
¸ 3.3 V
© R 2 R3 ¹

§
·
1 k:
¨
¸ 3.3 V
© 10 k: 1 k: ¹

300 mV

This yields the following equation for the differential input voltage:

VID
•

V(

IN A )

V(

IN A )

0 mV 300 mV

300 mV

Choose R4 and R5 so that when the output voltage is high, the differential input voltage is ≥ 50 mV. When the
output is high the voltage on the positive input is given with the following equation:

VI(

IN A )

§ R4 ·
¨
¸ 3.3 V
© R 4 R5 ¹

§
·
1 k:
¨
¸
© 1 k: 4.7 k: ¹

579 mV

Therefore, the following equation shows the differential input voltage:

VID
•

V(

IN A )

V(

IN A )

579 mV 300 mV

279 mV

C1 and C2 set the time constant of the AC-coupling network. If this time constant is long enough to cause
the receiver to change state, the absolute value of the AC-coupling time constant is unimportant. The positive
feedback network formed by R5 ensures that the receiver stays in the last state it was actively driven to, and
thus the minimum operating frequency is independent of the values of C1 and C2.
The time constant of C2, R2, and R3 is given in the following equation:

2(

IN A )

§ R2 u R3 ·
¨ R2 R3 ¸ &
©
¹

QV

The time constant of C1, R4, and R5 is given in the following equation:

2(
•

77

IN A )

§ R4 u R5 ·
¨ R4 R5 ¸ &
©
¹

QV

Choose capacitors C1 and C2 with a voltage rating that exceeds the isolation voltage required. For fail-safe
circuits, two capacitors in series can be used; however, each individual capacitor must be rated for the full
isolation voltage.
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Measurement Results
LVDS-based circuit
The following scope plot shows the input and output signals measured directly at the receiver input pins after
transmission over a 5-m length of 24-AWG twisted-pair cable. Channel 1 shows the driver input signal and
channels 2 and 3 the positive and negative inputs of the differential receiver. The hysteresis generated at the
positive input of the receiver can be seen in the different quiescent levels to which the input returns after
the initial capacitive kick. In contrast, the inverting input, which does not have hysteresis, returns to the same
quiescent level. This approach ensures that the receiver output remains in the last state to which it was driven
and that the minimum switching frequency is independent of the time constant of the AC-coupling components.

The following scope plot shows the waveforms at positive and negative inputs of the receiver (channels 2 and 3,
respectively) and the differential signal resulting from them (channel M1).
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The following scope plot shows the propagation delay from the input of the driver to the output of the receiver.
The propagation delay is about 30ns.
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Design References
Design Featured LVDS Transmitter
SN55LVDS31-SP
Interface Standard

LVDS

# Transmitter Channels

4

# Receiver Channels

0

Nominal Supply Voltage

3.3 V

Operating Temperature Range (TA)

–55°C to 125°C

Maximum Total Ionizing Dose

150 krad (Si)

Maximum SEL

110 MeV-cm2/mg
www.ti.com/product/sn55lvds31-sp

Design Featured LVDS Receiver
SN55LVDS33-SP
Interface Standard

LVDS

# Transmitters

0

# Receivers

4

Nominal Supply Voltage

3.3 V

Common-Mode Voltage Range

–4 V to 5 V

Operating Temperature Range (TA)

–55°C to 125°C

Maximum Total Ionizing Dose

100 krad (Si)

Maximum SEL

90 MeV-cm2/mg
www.ti.com/product/sn55lvds33-sp
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Space-Grade, 30-krad, Isolated CAN Serial
Transceiver Circuit

Alfred Chong

Design Goals
Parameter

Design Requirement

Bit rate

1 Mbps

Bus length

40m

Maximum Total Ionizing Dose

30krad(Si)

Maximum SEL to LET

43MeV × cm2/mg

Isolation voltage

3000 VRMS per UL1577

Design Description
The controller area network (CAN) protocol is a proven, highly-reliable communication system for harsh
environments. The CAN two-wire bus multi-master, multi-drop topology is robust, low-cost, has low power
consumption, and helps reduce the number of wires in wire-intensive point-to-point topologies. These
advantages make CAN a good data bus for spacecraft applications.
The following circuit uses the ISOS141-SEP digital isolator and SN55HVD233-SEP CAN transceiver devices to
achieve an isolated CAN serial transceiver.
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Design Notes
The ECSS-E-ST-50-15C is a standard dedicated to spacecraft projects that opt to use the CAN Network for
spacecraft onboard communications and control. It defines the protocol extensions needed to meet spacecraftspecific requirements and adopts the ISO11898-1/-2:2003 standard without modification. Therefore, CAN
transceivers used in space applications must meet the key electrical specifications of the ISO 11898-2 standard.
In addition, the system must have a good Single-Event Latch-Up (SEL) immunity to Linear Energy transfer (LET)
and be able to survive the harsh radiation environment encountered in space. ISOS141-SEP and SN55HVD233SEP are picked for this circuit for their good SEL immunity to LET as described in the Single-Event Latch-Up
Test Report of the SN55HVD233-SEP CAN Bus Transceiver radiation report.
According to the ISO11898-1/-2:2003, the maximum bit-rate is 1Mbps and the maximum bus length is 40m. A
round-trip delay must be calculated based on the components to ensure that a signal has enough time to be
made back from the most distant CAN controller on the bus while the bit is still being written by the sender to
meet the bit rate.

Round-trip delay = 2 × (Propagation delay of digital isolator 1 + Propagation of CAN1 TX to bus + Propagation delay of
wire + Propagation delay of CAN2 bus to RX + Propagation delay of digital isolator 2+ propagation delay of MCU)

Design Steps
• Collect the propagation delays for all components
Propagation Delays in Components
Conditions

Typ (ns)

Max (ns)

10.7

16

With RL = 60Ω, CL=50pF

70

130

Approximate delay is 5nsm-1 (Typ), 5.3nsm-1 (Max)

200

212

Propagation delay of CAN bus to Rx

With RL = 60Ω, CL=50pF

35

105

MCU propagation delay

(This value may differ from your MCU)

20

20

Parameter
Propagation delay of ISOS-141-SEP

With RL = 50Ω, CL=15pF

Propagation delay of Tx to CAN bus
Propagation delay of 40m wire

•

Calculate the round trip delay
Round-trip delay (TYP) = 2 × (10.7ns + 70ns + 200ns + 35ns + 10.7ns + 20ns) = 692.8ns
Round-trip delay (MAX) = 2 × (16ns + 125ns + 212ns + 105ns + 16ns + 20ns) = 998ns

•

•

Calculate bit time
1
Bit time = Bit 1rate = 1Mbps
= 1000ns

Check round-trip delay < bit time

This design meets the timing requirement as the approximate worst-case round-trip delay is 9898ns which is
less than 1000ns.
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Note: If round-trip delay is greater than bit time, use the following options:
1. Pick components with shorter propagation delays
2. Shorten the wire length
3. Lower the maximum bit rate
•

120-Ω termination resistors are recommended to be placed at the extreme ends of the CAN bus to mitigate
reflection to achieve good signal integrity.

Reference
Design Featured ISOS141-SEP Digital Isolator
ISOS141-SEP
VCC1, Vcc2

2.25 V to 5.5 V

Data-rate

100MHz

Propagation delay

10.7ns to 16ns

TID Characterized (ELDRS-Free)

30 krad(Si)

TID RLAT, RHA

30 krad(Si)

CMTI

±100kV/µs

VISO

3000 VRMS
https://www.ti.com/product/ISOS141-SEP

Design Featured SN55HVD233-SEP CAN Transceiver
SN55HVD233-SEP
VCC1

3 V to 3.6 V

Data-rate

1Mbps

TID Characterized (ELDRS-Free)

30 krad(Si)

TID RLAT, RHA

20 krad(Si)

Common Mode Range

–7 V to 12 V

Bus Pins ESD (HBM)

±14kV

https://www.ti.com/product/SN55HVD233-SEP
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Space-Grade, 30-krad, Isolated I2C Circuit

Alfred Chong

Design Goals
Parameter

Design Requirement

Supply voltage

3.3 V

Signaling Rate

1Mbps (fast Mode)

Maximum Total Ionizing Dose

30krad(Si)

Maximum SEL to LET

43MeV × cm2/mg

Isolation voltage

3000 VRMS per UL1577

Design Description
In spacecraft, I2C buses might be used for board-to-board communication, and the prevalence of using
cold spares might require the addition isolation into the system. The I2C bus is a commonly-used bus for
communication. The particular challenge in designing an isolated I2C interface by using standard digital isolators
lies in the different operation modes between the two. The I2C bus operates in bidirectional, half-duplex mode,
while standard digital isolators are unidirectional devices. To make efficient use of one technology supporting the
other, external circuitry is required to separate the bidirectional bus into two unidirectional signal paths without
introducing significant propagation delay.
This circuit design uses an NPN transistor, 3 Schottky diodes, and 4 resistors to transform a digital isolator into
an isolated I2C device.
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Design Notes
Transistor Q1 and its surrounding resistor network provide the comparator function. Since the dominant
switching level in I2C is logic low, the base of Q1 is so biased that a low level applied to n1 turns the transistor
on, and a low level at n7 keeps Q1 at high impedance. While the R3, R2 voltage divider primarily determines the
biasing, diode D3 provides temperature compensation. To prevent low level at n7 and thus n1 from turning Q1
on, the voltage level at n1 is raised by a voltage drop across R1 from n4, which raises the emitter potential of
Q1, VE, and decreases the base-emitter voltage below the minimum turn-on level. However, care must be taken
to maintain VE below the minimum input high-level threshold of SDA, which the I2C specification lists as VILmax
= 0.3 × VCC.
When the I2C bus at n7 is pulled to logic low state as illustrated in the dotted orange arrows in the next figure,
the low state passing into IND and causes OUTD to go to low state. The voltage at n1 is pulled down to a low
state illustrated by the blue arrows. The R1 introduces a voltage drop to n4 from n1, which raises the voltage
at n1 high enough to turn off the Q1 but well below VILmax, thus presenting a valid low for an I2C input. At the
same time, R4 provides a logic high at to the isolator input INA and causes OUTA to go high, preventing diode
D2 from conducting.

When n1 is pulled to a low state, the voltage across n2 and n1 is significantly lower than VE and causes Q1
to conduct. This causes the INA to go to a logic low illustrated by the dotted orange arrows in the next figure.
The low-state signal passing through the isolator and causes OUTA to go low. The voltage at n7 is pulled down
through the forward bias of diode D2 illustrated by the blue arrows. However, when n1 goes high, its voltage
cannot return to the level of VCC1 immediately due to the remaining low-level signal at n7 and n5 that causes
D1 to forward bias. Instead, n1 rises to the necessary VE potential that blocks Q1. It remains at this level until a
high impedance across Q1 allows R4 to provide a logic high to the isolator input INA, thus releasing n6 and D3
and causing n7 to go high level. Only then will n1 be able to return to the level of VCC1.
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Design Steps
• Calculate pullup resistors
See the I2C Bus Pullup Resistor Calculation application report for the equation to calculate the pullup resistor
for n1 and n7. In this design, the calculated pullup resistors for both n1 and n7 are 1.1kΩ. The pullup
resistances vary from the selected I2C devices and bus capacitance.
Notes:
1. Include the capacitance of D1 and Q1 in the bus capacitance for n1 pullup resistor calculation
2. Include the capacitance of D3 in the bus capacitance for n7 pullup resistor calculation
•

Calculate R6 = pullup resistor for n7
R6 = 1.1kΩ

•

Calculate R5 and R4
R5 is parallel to R4. Assuming the transistor capacitance is 2.5 times smaller than the bus capacitance, we
set R4 = 2.5 × R5 to make R5 have 2.5 times stronger pullup strength.
R4R5
RT = R4
+ R5

R4 = 2.5R5 →(2)

1

Using (2) in (1)
RT = 2.5R5
3.5

Let RT = 1.1kΩ from n1 pullup resistor, R5 = 1.54kΩ and R4 = 3.85kΩ
•

Calculate R2 and R3
R2 and R3 is a voltage divider that sets the bias voltage for transistor Q1. The bias voltage should be
higher than the turn-off voltage of the transistor Q1, 0.6V, but lower than the SDA VILmax = 0.3 × VCC. The
constant current through R2 and R3 must be less than 1mA.
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For VCC = 3.3V, 0.6V < bias voltage < 0.99V, let bias voltage = 0.65V
0.001 = R33.3
+ R2 – 2

R3 = 650 Ω and R2 = 2.65kΩ
•

Calculate R1
The purpose of R1 is to prevent transistor Q1 from turning on when n4 is pulled to 0V. The transistor Q1
turn-on voltage is 0.6 V, and the bias voltage is 0.65 V. Hence, the drop-out voltage across the R1 should
be greater than the bias voltage minus the turn-on voltage but less than the VILmax. Also, the voltage drop
across R1 is the voltage divider of R1 and R5
0.99V ≤ R1R1
+ R5 *3 . 3 ≥ 0.65V − 0.6V – 1

Let the voltage-drop across R1 to be 0.17 V:
R1
R1 + R5 *3 . 3V = 0.17V

Using R5 = 1.54kΩ from the previous equation, R1 = 84.5Ω.
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Design Simulations
The following figure shows the final isolated I2C circuit whether the primary is isolated from a secondary bus.
Only the SDA data line is bidirectional, and the SCL clock line is unidirectional. A pulse generator with 500kHz
is set at the primary SDA to simulate the 1Mbps 0101 data pattern transmitted from n1 to n7. As shown in the
lower figure, n1 is pulled down to logic low. This causes n3 to go to logic low and pass the value from the input
INA to output OUTA. Hence n6 and n7 are pulled down to logic low. When SDA is released, n1 voltage only
returns to logic high after the n7 voltage goes to logic high.
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A pulse generator with 500kHz is set at the secondary SDA to simulate the 1Mbps 0101 data pattern transmitted
from n7 to n1. As shown in the lower figure, n7 is pulled down to logic low and passing the value from the input
IND to output OUTD. Hence n5 and n4 are pulled down to logic low. The n1 voltage is 0.17V higher than the n4
voltage due to the voltage drop across R1 but still well below VILmax.
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A pulse generator with 500kHz is set at the primary SDA to simulate the 1Mbps 0101 data pattern transmitted
from n1 to n7. The secondary side ground is raised by 20 V to simulate the performance of the isolated I2C. As
shown in the following image, The primary side SDA (n1) operates from 0 V to 3.3 V, and the secondary side
SCL and SDA (n7) operate from 20 V to 23.3 V due to ground bounds.

Reference
Design Featured Digital Isolator
ISOS141-SEP
VCC1, Vcc2

2.25 V to 5.5 V

Data-rate

100MHz

Propagation delay

10.7ns to 16ns

TID Characterized (ELDRS-Free)

30krad(Si)

TID RLAT, RHA

30krad(Si)

CMTI

±100kV/µs

VISO

3000 VRMS
www.ti.com/product/ISOS141-SEP
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Space-Grade, 30-krad, Isolated RS-422 Serial
Transceiver Circuit

Alfred Chong

Design Goals
Parameter

Design Requirement

Bit rate

100kbps to 10Mbps

Bus length

12M to 1500M

Maximum Total Ionizing Dose

30krad(Si)

Maximum SEL to LET

43MeV × cm2/mg

Isolation voltage

3000VRMS per UL1577

Design Description
In spacecraft applications RS-422 might be used as a bus and payload telecommand and control interfaces.
RS-422 was designed as serial communication methods to convey information between equipment by using
balanced and differential twisted-pair cable. RS-422 is specified for multi-drop applications where only one
driver connects up to 10 receivers through a single differential twisted bus. The following figure shows a typical
half-duplex isolated RS-422 interface circuit.

The following circuit uses the ISOS141-SEP digital isolator and SN65C1168E-SEP transceiver devices to
achieve a space-grade isolated RS-422 driver.
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Design Notes
The previous circuit uses the SN65C1168E-SEP driver to create an isolated RS-422 driver to isolate the primary
device from the secondary devices. SN65C1168E-SEP consists of two receivers and can be used as secondary
devices.
Design Steps
• Determine signaling rate versus cable length
RS-422 system can transmit up to 10Mbps, or over a 1500-m cable at a lower signaling rate. The signal rate
is reciprocal to the cable length. Hence, it is important to figure out the maximum signal rate for a given cable
length or vice versa. The following figure shows the RS-422 recommended signal rate over the cable length in its
annex.

This system design uses a 1500-m cable. From the previous figure, the maximum recommended signal rate is
90kbps.
•

Calculate the path delay
Path delay = Propagation delay of digital isolator + Propagation of RS-422 TX to bus + Propagation delay of
wire
+ Propagation delay of bus to RS-422 RX Calculate bit time
Parameter

Conditions

Typ (ns)

MAX
(ns)

Propagation delay of ISOS-141-SEP

With RL = 50Ω, CL = 15pF

10.7

16

Propagation delay of TX to bus

With RL = 50Ω, CL = 40pF

8

16

Propagation delay of 1500-m wire

Approximate delay is 5ns/m (Typ), 5.3ns/m (Max)

7500

7950

Propagation delay of bus to RX

With RL = 50Ω, CL = 50pF

15

27

Path delay (Typ) = 10.7+8+7500+15 = 7534ns
Path delay (Max) = 16+16+7950+127 = 8109ns
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Calculate bit time
Bit time = Bit 1rate =

1
90kbps

= 11100ns

Check path delay < bit time
This design meets the timing requirement as the approximate worst-case round-trip delay is 8109ns which is
less than 11100ns.

Note: If the path delay is greater than the bit time, the following options apply:

•

1. Pick components with shorter propagation delays
2. Shorten the cable length
3. Lower the maximum signaling rate
It is recommended to place a 120-Ω termination resistor at the other end from the driver.

Reference
Design Featured ISOS141_SEP Digital Isolator
ISOS141-SEP
VCC1, VCC2

2.25 V to 5.5 V

Data-rate

10Mbps

Propagation delay

10.7ns to 16ns

TID Characterized (ELDRS-Free)

30krad(Si)

TID RLAT, RHA

30krad(Si)

CMTI

±100kV/µs

VISO

3000 VRMS
http://www.ti.com/product/ISOS141-SEP

Design Featured SN65C1168E-SEP RS-422 Transceiver
SN65C1168E-SEP
VCC1

4.5 V to 5.5 V

Data-rate

1MHz

TID Characterized (ELDRS-Free)

30krad(Si)

TID RLAT, RHA

20krad(Si)

Common Mode Range

–7 V to 7 V

http://www.ti.com/product/SN65C1168E-SEP
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Space-Grade, 100-krad, –2.5-V, Discrete Negative LDO
Linear Regulator Circuit

Nigel Smith

Design Goals
Parameter

Design Goal

Input voltage range

–4 V to –3 V

Output voltage

–2.5 V

Output current range

0 mA to 100 mA

Total ionizing dose

100 krad (Si)

Single-event latch-up immunity

75 MeV-cm2/mg

Design Description
The vast majority of electronic circuits operate from one or more positive supply voltages, which is why there
are many more positive voltage regulators on the market than negative ones. The dearth of negative voltage
regulators is even more pronounced in the space market, where there is a very limited number of such devices.
There are times, however, when a particular device or application circuit requires a negative voltage regulator.
The following figure shows a 100-mA negative low-dropout (LDO) voltage regulator circuit that that was
developed to provide the negative supply voltage for a LMH5401-SP fully-differential amplifier. The circuit uses
a conventional LDO architecture but uses the positive supply as its reference instead of a separate bandgap
device. For applications like powering an amplifier, the absolute accuracy of the supply voltage is not critical, and
using the positive supply is a simple and cost-effective way to achieve the required performance.
Note that the feedback network is connected to the non-inverting input of the op-amp because of the signal
inversion caused by Q1.

VPOS
2.5 V

U1
LM158QML-SP

R1
1k

CO
47uF

R2
2.49NŸ

C1
1uF

+

RESR
1Ÿ

±
R4
1k

VNEG
±3.5 V
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Design Notes
The power dissipation and junction temperature in pass transistor Q1 must not exceed the maximum values
allowed by the device and by your application. In space applications, the maximum allowed power dissipation
in a transistor may be significantly less than the rating of the device. For example, the European Space Agency
(ESA) recommends a derating factor of 65%. Similarly, although Q1 is specified with a maximum junction
temperature of 200°C, ESA recommends a junction temperature not greater than 110°C. In applications with
a large voltage drop across the negative regulator, the power dissipation in Q1 might exceed the maximum
allowed. However, in such applications there no need for an LDO regulator and a standard type with larger
dropout such as the LM137QML-SP can be used.
The op-amp used in this circuit must have an output stage capable of operating close to the negative supply rail
of the op amp. The LM158QML-SP was chosen for this circuit because it meets this criterion, has a long space
heritage, and withstands a total ionizing dose up to 100 krad (Si). Other op amps can be used, but the feedback
stabilization may need to be adjusted to suit the frequency response of the op amp.
Design Steps
•

Choose R2 so that the current flowing through the feedback network is approximately 1 mA.

R2 =

•

VPOS
2.5 V
=
= 2.5 k3
1 mA 1 mA

Choose R3 to set the output voltage to the desired value.

R3 = F

•

VO × R2
F2.5 V × 2.5 k3
=F
= 2.5 k3
VPOS
2.5 V

Choose a product of output capacitance CO and equivalent series resistance RESR to generate a zero below
10 kHz (lower is generally better). The frequency of the ESR zero is given by:

fz(ESR) =

•

•

95

1
1
=
= 3.39 kHz
tNR ESR CO tN:1;:47 × 10F6 ;

RESR can be either inherent in the capacitor used or included separately in series with a low-ESR capacitor
(as it was in this case).
An optional feedforward capacitor CFF across the feedback network provides an additional zero that improves
transient response. The value of CFF is best selected experimentally. Note that CFF cannot be used on its
own to stabilize the loop. This is because the pole and the zero formed by R2, R3, and CFF are too close to
each other in the frequency domain to stabilize the loop over the whole range of output currents.
An additional capacitor, C1, reduces the initial voltage step response caused by the relatively high value of
RESR. The value of C1 is low compared to CO and does not significantly affect stability.

Space-Grade, 100-krad, –2.5-V, Discrete Negative LDO Linear Regulator
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Design Simulations
DC Simulation Results
Load Regulation
The following plot shows the output voltage variation as the output current varies from 0 mA to 100 mA.
LOAD REGULATION
-2.504208
-2.504210

Output Voltage (V)

-2.504212
-2.504215
-2.504218
-2.504220
-2.504222
-2.504225
-2.504228
-2.504230
-2.504232
-2.504235
0m

10m 20m 30m 40m 50m 60m 70m 80m 90m 100m
Output Current (A)
D005

Line Regulation
The following plot shows the output voltage variation as the negative supply voltage varies from –4 V to –2 V.
LINE REGULATION
-2.504175
-2.504185

IO = 10 mA
IO = 100 mA

Output Voltage (V)

-2.504195
-2.504205
-2.504215
-2.504225
-2.504235
-2.504245
-2.504255
-2.504265
-4.0
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Dropout Voltage
The following plot shows the dropout voltage for load currents of 10 mA and 100 mA.
DROPOUT VOLTAGE
-2.2
-2.3

IO = 10 mA
IO = 100 mA

Output Voltage (V)

-2.3
-2.3
-2.4
-2.4
-2.4
-2.4
-2.4
-2.5
-2.5
-2.5
-3.5

-3.4

-3.3

-3.2

-3.1 -3.0 -2.9 -2.8
Input Voltage (V)

-2.7

-2.6

-2.5
D008

AC Simulation Results
Stability
The following plot shows the frequency response of the circuit with an output current of 10 mA.
BODE PLOT
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The following plot shows the frequency response of the circuit with an output current of 100 mA.
BODE PLOT
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Ripple Rejection
The following plot shows the simulated ripple rejection of the circuit.
RIPPLE REJECTION vs FREQUENCY
90

Ripple Rejection (dB)
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Transient Simulation Results
Load Transient Response
The following scope plot shows the transient response of the circuit to a 10-mA to 90-mA load step.
TRANSIENT RESPONSE

Voltage (25mV/div)

IO = 10 mA to 90 mA

Time (25 Ps/div)
D007

Design References
Texas Instruments, AN-1482 LDO Regulator Stability Using Ceramic Output Capacitors Application Report
Design Featured Op Amp
LM158QML-SP
Supply voltage range

3 V to 32 V

Supply current per channel (typical)

0.35 mA

Input common-mode voltage range

0 V to VCC – 1.5 V

Output voltage range

0 V to VCC – 1.5 V

Input offset voltage (max @ 25°C)

2 mV

Input bias current (max)

50 nA

Unity-gain bandwidth (typ)

0.7 MHz

Slew rate

0.5 V/μs

#Channels

2

Total ionizing dose

100 krad (Si)

Single-event latch-up immunity

N/A (bipolar)

www.ti.com/product/lm158qml-sp
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Application Brief

Space-Grade, 50-krad, 1.25-V, Low-Noise Voltage
Reference Circuit

Nigel Smith

Design Goals
Parameter

Design Requirement

Supply voltage

±12 V

Output voltage

1.25 V

Output current

1 mA

Output noise

< 25 nV/√Hz from 1 kHz to 10 MHz

Radiation hardness

50 kRad(Si)

Design Description
This circuit design uses a low-pass filter and an op amp to reduce the wideband noise generated by a shunt
voltage reference. The circuit was originally developed to supply a CCD sensor in a satellite: the shunt reference
alone does not meet the performance requirements of the application and needs the additional circuitry to meet
the project requirements.
R5
10 NŸ
+12 V

VCC
C2
220 nF

R1
3.9 NŸ
VREF

U1
TL1431-SP

±12 V

±

R2
1 NŸ

+

R4
110 Ÿ

VO

U2
OPA4277-SP

1.25 V

C1
10 µF

R3
1 NŸ

VEE

Design Notes
TI has a number of suitable space-qualified voltage references, but for this application the TL1431-SP was
selected for its good noise performance and high radiation tolerance. The lowest voltage that U1 can generate is
2.5 V, so R2 and R3 are used to generate a 1.25-V input to U2 (they also attenuate the noise of U1 by a factor
of two). Low values are used for R1 and R2 to limit the noise generated by these components. R1 is chosen so
that, even with R2 and R3 connected, there is 1 mA of bias current through U1.
R4 and C1 form the low-pass filter that attenuates noise from the voltage reference. With the values shown, the
3-dB frequency of this filter is 145 Hz. The precise values of R4 and C1 are not critical. However, it pays not to
make R4 too large, because the op amp has to correct any errors caused by the output current flowing through
R4, and if the voltage drop across R4 is too large the op amp may run out of headroom.
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R4 and C1 add a pole to the amplifier response; R5 and C2 add a zero that compensates this pole and enables
stable operation. R5 and C2 are chosen so that R5 × C2 = 2 × R4 × C1, which minimizes noise gain peaking in
the response.
The op amp used for this application should not itself generate significant noise compared to the voltage
reference; however, the filter formed by R4 and C1 attenuates whatever noise the op amp does generate. Note
that in the case of the OPA4277-SP, with the component values used, current noise is insignificant compared to
voltage noise and can be ignored.
Design Steps
•
•

Select resistors R2 and R3 to attenuate the 2.5-V output voltage of the TL1431-SP to 1.25 V. In this case, a
value of R2 = R3 = 1 kΩ provides the necessary attenuation and ensures that the thermal noise generated by
these resistors is insignificant compared to other noise sources and can be ignored.
Use the following equation to calculate the current flowing through resistors R2 and R3:

I(R2) = I(R3) =
•

Use the following equation to calculate the maximum value of R1:

R1(max) =

•

VREF
2.5 V
=
= 1.25 mA
R2 + R3 1 k3 + 1 k3

:VCC VREF ;
12 V F 2.5 V
=
= 4.22 k3
I:U1; + I(R2) 1 mA + 1.25 mA

A value of 3.9 kΩ is therefore suitable for R1.
Choose values for R4 and C1 that will create a pole at the desired cutoff frequency. In this application, a
cutoff frequency of about 150 Hz was selected: this provides sufficient noise attenuation in the frequency
range of interest (1 kHz to 10 MHz). The op amp compensates for the voltage drop across R4, so do not
make it too big. As a general rule, it is recommended to make sure that the voltage drop across R4 is less
than 1 V at maximum output current.
Use the following equation to calculate the RC time constant needed for the desired cutoff frequency:

R4 × C1 =

•

1
1
=
= 1.06 ms
tNfco
2 × N × 150 Hz

Using values of R4 = 110 Ω and C1 = 10 μF results in a cutoff frequency of 145 Hz.
To minimize noise gain peaking close to the cutoff frequency, choose R5 and C2 so that:

R5 × C2 = 2 × R4 × C1 = 2 × 110 3 × 10 JF = 2.2 ms
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Design Simulations
Simulation Setup
The easiest way to analyze the noise performance of a circuit like this is to use a simulation program such as
TINA.

The SPICE macros for the TL431 and OPA4277 included in the standard TINA library1 do not include models
for the noise performance, so separate voltage noise sources must be included in the simulation circuit (see Vn1
and Vn2 in the previous TINA schematic). The macros for the noise sources can be copied from the Vnoise.TSC
file referred to in this E2E thread, and edited, and three parameters describing the noise characteristic of the
devices entered (highlighted in bold in the following macro extract).
* BEGIN PROG NSE NANO VOLT/RT-HZ
.SUBCKT VNSE 1 2
* BEGIN SETUP OF NOISE GEN - NANOVOLT/RT-HZ
* INPUT THREE VARIABLES
* SET UP VNSE 1/F
* NV/RHZ AT 1/F FREQ
.PARAM NLF=225
* FREQ FOR 1/F VAL
.PARAM FLW=10
* SET UP VNSE FB
* NV/RHZ FLATBAND
.PARAM NVR=125
* END USER INPUT
* START CALC VALS
.PARAM GLF={PWR(FLW,0.25)*NLF/1164}
.PARAM RNV={1.184*PWR(NVR,2)}
.MODEL DVN D KF={PWR(FLW,0.5)/1E11}IS=1.0E-16
* END CALC VALS
I1 0 7 10E-3
I2 0 8 10E-3
D1 7 0 DVN
D2 8 0 DVN
E1 3 6 7 8 {GLF}
R1 3 0 1E9
R2 3 0 1E9
R3 3 6 1E9
E2 6 4 5 0 10
R4 5 0 {RNV}
R5 5 0 {RNV}
R6 3 4 1E9
R7 4 0 1E9

1

A more recent model for the OPA277 (the single-channel version of this device) which does include the noise sources is included on
the OPA277 webpage. When using spice models to evaluate circuit performance, take care to determine which parameters the models
do and do not include.
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E3 1 2 3 4 1
C1 1 0 1E-15
C2 2 0 1E-15
C3 1 2 1E-15
.ENDS
* END PROG NSE NANOV/RT-HZ

NLF is the magnitude of the noise where the curve crosses the y-axis at the minimum frequency, and FLW is the
frequency at which this happens. NVR is the magnitude of the wideband noise. These parameters can easily be
taken from the data sheets of the devices (see the following figure). All values entered in the macros must be in
nV/√Hz.

NLF

NVR

FLW
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Simulation Results
Op amp frequency response
The following figure shows the overall frequency response of the op amp circuit showing negligible gain peaking
at the cutoff frequency.
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Op amp stability
The following figure shows the bode plot of the op amp circuit. Phase margin is 64° and gain margin is 49 dB.
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Noise performance
The following figures show the noise performance of the complete circuit with normal and expanded scales. The
figures show that noise performance surpasses the design requirement limit of 25 nV/√Hz in the frequency range
of 1 kHz to 10 MHz.
NOISE PERFORMANCE
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Design References
See the TINA/Spice: Noise Generator E2E™ thread for more information.
Design Featured Op Amp
OPA4277-SP
Supply voltage range

±2 V to ±18 V

Offset voltage

20 μV (typical)

Open-loop gain

134 dB (typical)

Quiescent current

790 μA/amplifier (typical)

Input bias current

±17.5 nA (max)

Peak-to-peak input voltage noise

0.22 μV from 0.1 Hz to 10 Hz (typical)

Wideband input voltage noise density

8 nV/√Hz (typical)

Input noise current density

0.2 fA/√Hz (typical)

Total ionizing dose

50 krad(Si)

Single-event latch-up immunity

85 MeV-cm2/mg

www.ti.com/product/opa4277-sp

Design Featured Voltage Reference
TL1431-SP
Output voltage range

2.5 V to 36 V

Sink current capability

1 mA to 100 mA

Initial voltage accuracy

–1% / +1.6%, @25°C

Reference input bias current

1.5 μA, typical @ 25°C

Output impedance

0.2 Ω, typical @ 25°C

Total ionizing dose

100 krad(Si)

Single-event latch-up immunity

N/A (bipolar process)

www.ti.com/product/tl1431-sp
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Additional resources
Space applications and product page: ti.com/space
“Space Products Guide”: ti.com/spaceguide
TI radiation-tolerant (Space EP) products: ti.com/SpaceEP
“Radiation Handbook for Electronics”: ti.com/RadBook

E2E and TINA-TI are trademarks of Texas Instruments.
All other trademarks are the property of their respective owners.
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