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Abstract

This report presents the design and development of an Electronic (E)-calibration source, capable of generating precise and
known bipolar DC currents in the range of 100 picoamperes (pA) to 5 microamperes (pA). The source is designed for onboard
calibration of highly sensitive current measuring instruments, particularly those used in space-based scientific payloads. The
E-calibration source design also includes a switching mechanism that enables seamless toggling between the calibration current
generated and the actual detector current using a pulse command signal. This enables efficient and accurate onboard space
calibration without any interruption of ongoing system operations and manual intervention. The electronic calibration source
can correct the inaccuracy of raw data to maintain accuracy, stability and reliability of the processed data, and will play a

Keywords

*Corresponding author: pankajk@prl.res.in

crucial role in ensuring the fidelity of data collected from critical space missions.
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1. Introduction

In recent years, a wide array of scientific instruments has
been deployed on space missions to study the near-Earth envi-
ronment and interplanetary space. This environment primar-
ily consists of plasma generated by solar radiation, resulting

in the formation of ions and electrons (Kelly, 2009). To fur-
ther our understanding of the near-Earth space and the dif-
ferent phenomena occurring in it, it is vital to characterize
this plasma, which can be achieved using various in-situ in-
struments. These instruments are designed to measure key
plasma parameters such as ion density, electron density, ion
drift velocities, ion energy, and electron temperature, etc (e.g.,
Kelly, 2009; Heelis et al., 2017). These physical parameters
are not measured directly but are instead derived from pre-
cise measurements of ion and electron currents collected by
the instrument (Chen, 2003).

Typically, such measurements follow a well-defined sig-
nal processing sequence, as illustrated in Figure 1. In this
sequence, charged particles (positive or negative charge) are
collected by a collector/detector. The current generated is pro-
portional to the flux/density of the collected particles, which
varies significantly as a function of day/night, high/low solar
activity, latitudes, altitudes, season, etc., leading to a broad
dynamic range of currents. The resulting current is then con-
verted into a voltage signal using a trans-impedance amplifier
conversion stage, which often includes linear variable gain
or logarithmic trans-impedance amplifiers to accommodate
wide dynamic ranges of current (Hershkowitz et al., 1989).
The analog signal is subsequently passed through signal con-
ditioning amplifiers, then digitized using an Analog-to-Digital
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Converter (ADC), and finally processed by a Microcontroller
or Field Programmable Gate Array (FPGA) for storage, teleme-
try, and onboard decision-making. -
The accuracy and stability of current measurement sys- P N
tems in space-borne instruments are significantly influenced :-‘"'Detg;‘;;;clt‘;':;'se"*:
by environmental factors like temperature fluctuations, aging | FEEEm
of electronic components resulting in shifts in OpAmp bias AN
currents, and drifts in gain-defining resistors and capacitors. 1
All of these can degrade the fidelity of the measured current.
This, in turn, affects the reliability of the derived plasma pa- | e e
rameters (Hanson et al., 1973). Therefore, validating the in- Electrometer
tegrity of the entire signal chain is essential to ensure con- vout l
sistent performance and measurement reliability during long- Linear Amplifier pT—
term operations. Gain LI IIERIT () betestor
While pre-launch validation using bench tests and vac- Seead Ampiis vout | R
uum chamber experiments can confirm baseline functionality, AID Converter o
these methods are insufficient to account for dynamic varia- Aoe Componnt
tions that might occur in-flight conditions. In the harsh and e J’ I e | ) arrcenana”
variable thermal environments encountered in space, main-
taining long-term stability and accuracy of measurements de- — FPGAMIcrocomraller oard
mands an onboard calibration mechanism capable of provid- T S
ing knowledge of the transfer function of the measurement
circuit to carry out relevant corrections while processing raw
data. Periodic calibration is carried out to minimize error in Figure 1. Signal processing block diagram of a general
measurement data by updating the correction coefficient in ion/electron measuring space-borne instrument
raw data processing.
To address this need, an electronic calibration strategy is
proposed in this work, wherein a known, programmable cali-
bration current is periodically injected into the analog Front-
End Electronics (FEE). This approach enables the detection
of deviations caused by temperature variations, radiation ex- -
posure, or component aging, and facilitates post-processing /
data correction, thereby preserving the accuracy of the mea- Gl | R
surement system throughout the mission. The calibration source . 5 '_ _ P T ey st
developed for this purpose provides a highly stable and ac- 1 —
curate current output, programmable across a wide range of Calibration OFF [ catmraton on
currents from 100 pA to 5 uA. By enabling in-flight valida- ey conrorPae ]
tion and correction, this onboard calibration capability en- ey ———
sures long-term stability and accuracy of current measure- T Rt
ments in post-processing data, ultimately enhancing the scien- Vout J'
tific validity of the measured plasma parameters in extended ; - otor Seheme
space missions. . Footne S (0 etectr
SWRSNIG  umptes Vot | e —
2. Design and Development of e ey
E-Calibration Source D\.{ggggi Ic’?.fﬁs Pl
The block diagram of the designed E-calibration source L I —
along with the instrument normal chain is illustrated in Fig- S

ure 2. The system has been developed to generate a load-
independent, programmable current ranging from 100 pA to
5 pA, and it can be switched from the main electronics as
per our requirements. This wide range of calibration current
is achieved by controlling two reference voltages, V| and V,,
which are set via Digital-to-Analog Converters (DACs) and a
source resistance Rj.

Figure 2. Signal processing block diagram of a general
ion/electron measuring space-borne instrument, along with
E-calibration source for the onboard calibration of the
instrument
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2.1 Subsystems of E-calibration source
There are majorly three subsystems of E-calibration source:
1. Load-Independent Current Source
2. Switching of Detector and Current Source
3. DAC and FPGA interface

2.1.1 Load-Independent Current Source

Accurate calibration of the measurement chain requires a
design of current source with minimal leakage and high preci-
sion across the complete range of calibration. To meet these
requirements, we designed a load-independent Howland cur-
rent source, which achieves better than 95% accuracy over
the complete range of generated current of 100 pA to 5 uA by
using two programmable voltage references V| and V, and a
resistance (Ry) (Texas Instruments, 2007). Figure 3 depicts
the schematic of the designed current source, which employs
an LMP7704 OpAmp (Texas Instruments, 2024). The calibra-
tion currents are set by two DACs that generate voltages, V|
and V. Resistors R to R4 are approximately equal (<=1% tol-
erence), ensuring that the output current (/,,,; ) depends solely
on the voltage differential across the source resistor Ry, as per
the Equation 1.

V,-V;
Touwt = R,

(1

Although both the E-CAL circuit and the measurement
electronics are co-located and therefore subject to the same
thermal and environmental conditions, the E-CAL circuitry
is deliberately designed to be minimal and thermally robust,
serving as a stable calibration reference. The circuit employs
precision resistors or RNC90 series of resistor from qualified
resistor family which has tolerences in the range of 0.1%, low
temperature coeflicient in the range of 2 to 5 ppm/°C, a low-
drift op-amp (LMP7704), and a stable DAC to ensure consis-
tent performance under varying thermal conditions. Simula-
tion and thermal chamber test results demonstrating the tem-
perature stability of the E-CAL output are provided in sec-
tions 3 and 4. Additionally, to support long-term reliability
and in-situ validation, the E-CAL current source includes a
provision for digital monitoring using TT ADS1278, a 24-bit
sigma-delta ADC, of which 16 bits will be utilized for the
E-Cal data path. E-Cal offset (with zero DAC code) is mea-
sured during each calibration cycle. Since the detector input
is disconnected during E-Cal, this offset can be digitized and
stored in the FPGA and transmitted to ground for offset cor-
rections. This approach may offers the potential to compen-
sate for temperature-induced offset drift effectively, further
enhancing the robustness of the calibration scheme.

2.1.2 Switching of Detector and Current Source

During routine instrument operation, the calibration source
must remain isolated to prevent interference with actual mea-
surements. When an in-flight calibration sequence is initiated,
the FPGA issues an ON pulse to the relay driver, closing the
relay and integrating the calibration current source into the

Instruments

signal path and isolating the detector to calibrate the electron-
ics chain, as shown in Figure 2. Once calibration is complete,
an OFF pulse from FPGA disengages the relay, restoring nor-
mal detector operation in an automated manner. Figure 4
represents the schematic of developed switching electronics
, featuring a GP250 120 E 00 12 (Nominal Voltage: 12V,
Resistance 120 ohm) relay controlled by a transistor based
driver circuit. The relay driver receives a digital ON/OFF
pulse command typically from the FPGA or from the space-
craft to actuate the relay, thereby connecting or isolating the
E-calibration source from the instrument’s primary measure-
ment chain (Leach International, 2024). Additionally, that
disabling E-Cal through a zero-code DAC setting could po-
tentially eliminate the need for a physical switch. However,
in our current design, the switch/relay plays a critical role in
completely isolating the calibration path, thereby minimizing
any residual leakage or capacitive coupling to the detector in-
put during actual measurements. This is essential for main-
taining signal integrity, particularly in the detection of ultra-
low currents in the picoampere range. Furthermore, the in-
herent zero-code error of the DAC may introduce additional
offset currents. For example, a zero error of 0.5 mV across
a 10 MQ R; can result in a leakage current of approximately
50 pA, which is non-negligible in such sensitive measurements.

In the current design, the two inputs of the GP250 relay
are connected to the detector and the E calibration source, re-
spectively, with the relay output routed to the FEE input. To
minimize harness length and connector losses, the ECAL cir-
cuit, relay, and FEE are intended to be integrated onto a single
PCB in future iterations. While this approach increases layout
complexity, it offers enhanced signal integrity and overall sys-
tem robustness, making it a worthwhile trade-off. However,
during calibration mode, the detector remains floating in this
configuration, which is a potential drawback. As part of ongo-
ing testing, we are evaluating the calibration duty cycle to en-
sure that the floating condition does not degrade detector per-
formance. Additionally, we are also exploring ways to avoid
any switching in the detector-to-FEE path by implementing a
calibration-only switching scheme. In this approach, the de-
tector would be temporarily disabled either by turning off or
reducing its bias supply whenever calibration is active. This
would allow the E-calibration signal to be routed indepen-
dently to the FEE without interfering with the detector sig-
nal. We find this approach promising and plan to explore its
feasibility in hardware, especially in scenarios requiring high
signal integrity. However, this scheme would only be appli-
cable in systems where the detector can be safely disabled
during calibration so that detector signal will not intermixed
with the E-calibration signal.

2.1.3 DAC and FPGA Interface

Two 12-bit DACs are used to generate the reference volt-
ages V| and V. By programming different combinations of
V1 and V,, a range of calibration currents is produced accord-
ing to the Equation 1. The DAC clocks and relay pulses
have been controlled using the FPGA. The FPGA generates
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Figure 4. Schematic of designed switching circuit of
E-calibration source contains the GP250/CP250 relay and its
transistor based driver circuitry

the DAC serial interface and the relay control pulses, ensur-
ing synchronized operation of voltage setting and switching
(Texas Instruments, 2016). The current implementation of
the E-calibration source has been tested using our developed
processing card based on a commercial off-the-shelf (COTS)
ProASIC3E FPGA. This FPGA meets the functional require-
ments for digital control and data handling during the initial
development and validation phases of the E calibration source.
For the space-qualified version, we intend to use the RTAX2000
FPGA, which is a radiation-tolerant device suitable for space
applications. This FPGA will be incorporated into the final
flight version processing card, where it will support all digi-
tal processing tasks required by both the primary instrument
and the onboard calibration circuitry.

We also acknowledge that DAC non-idealities such as Dif-
ferential Non-Linearity (DNL), Integral Non-Linearity (INL),
gain error, and offset error can impact the precision of current
generation. In the present prototype, V| and V, are provided
by a 16-bit DAQ system, whose associated voltage errors are
typically within hundreds of microvolts. When applied across
a 10 MQ Ry, this results in a current error on the order of
tens of picoamperes, which is acceptable for the intended cal-
ibration range. Despite these limitations, the ECAL source
consistently achieves better than 95% accuracy in the lower
picoampere range, and up to 98% or better at higher currents
and results were shown in section 3 and 4. Future iterations
will employ the space-qualified DAC5675A-SP, a 14-bit pre-
cision DAC in the design.

The use of two DACs and two biasing voltages (£5 V) in
the current design is required, as the circuit’s ability to sup-
port bipolar current output is essential for accurately simulat-
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ing both ion and electron current flows in space instrumenta-
tion. In addition to this, dual-supply operation improves slew
rate margins and settling behavior, which can be important
for calibration systems requiring fast switching between cur-
rent levels. Even though the op-amp used is RRIO (rail-to-
rail input/output), practical limitations such as output swing
degradation near rails, load driving capability, and increased
distortion near the supply limits may affect accuracy. The
dual DAC approach also offers improved resolution and flexi-
bility, allowing finer control over current levels than a single
DAC could achieve. Moreover, it enhances offset matching
when generating small differential voltages, for instance, us-
ing 1.0 V and 0.9 V instead of relying on a single DAC refer-
enced to ground, thereby reducing relative error and improv-
ing noise immunity. However, if the application requires only
a unipolar current, the design can be reconfigured to operate
with a single DAC and single supply by one input and one
biasing as a grounded.

A detailed parameter comparison table is added for selec-
tion and finalization of DAC and Opamp in Table 1 and Table
2.

Based on the components datasheet, simulations, and hard-
ware results, the specifications of the E calibration source are
presented in Table 3.

2.2 Modes of Operation

As shown in Figure 2, instrument will operate in two dis-
tinct modes:

1. Calibration OFF Mode

2. Calibration ON Mode

2.2.1 Calibration OFF mode

It is a normal mode of operation of the instrument. As
shown in Figure 2, The current sources are electrically dis-
connected from the main electronics chain, and both V; and
V, are set to 0 V and detector is directly connected with main
electronics chain for the electron and ion measurements. How-
ever, due to the low bias current of the operational amplifier, a
small leakage current in the range of pA may still flow into the
circuit, potentially introducing measurement errors. To elimi-
nate this residual error, relay switches are used to completely
isolate the calibration circuit from the main electronics chain
of the instrument.

2.2.2 Calibration ON mode

In this mode of operation, as shown in Figure 2, the relay
configuration switches the known current source into the main
measurement chain, while simultaneously disconnecting the
detector input. This setup allows the calibration of the FEE,
which contains an I/V converter, amplifiers, and ADC, using
the known injected current. After calibration, correction fac-
tors for gain, resistance drift, and temperature coefficients can
be applied to enhance the accuracy and stability of the mea-
surement system over time. This approach ensures that any
variations in the electronic components due to temperature

Instruments

1e—7 DC sweep for 100pA to 100nA bipolar current

—— +ve current
—+— -ve current

Load Current (/;) in Ampere
(=]
[=]
(=]

-0.75

-1.00

D.IZ D.Id D:S D:B 1:0
V> and V1 sweep in Volts for +ve and -ve cumrent

Figure 5. DC Sweep simulation for the generation of
100 pA to 100 nA of bipolar current. In which V| = 100 mV
and R; = 10 MQ and V, sweeps from 100 mV to 1.1 V with
a step of 1 mV for positive current (blue) and vice-versa for

negative current (green) generation

changes, aging, or other environmental effects can be com-
pensated for, thereby improving the long-term precision of
the instrument’s current measurement capabilities.

Table 4 depicts the major components used in the devel-
opment of the E-calibration source and their equivalent space-
qualified components part numbers so that the same circuitry
can be realized using the space-qualified components for the
development of a space-borne instrument calibration system.
In addition to this a comprehensive worst-case drift error AT
(=20°C to +65°C) has been added in Table 5 based on datasheet
specifications for each component (DAC, OPAMP, and resis-
tors) to see the effect of temperature change. This includes
gain and offset errors, temperature coefficients, and reference
voltage drifts.

3. Simulations and Hardware Results

The mentioned design of E-calibration source in Figure
3 is simulated in PSpice software, and based on the results, a
PCB is designed in Altium software.

3.1 Simulation Results

In the shown Figure 5, the DC sweep results of the de-
signed current source are presented, demonstrating the gen-
eration of a bipolar current ranging from 100 pA to 100 nA.
This is achieved by sweeping V, from 100 mV to 1.1 V in
1 mV steps while keeping V) fixed at 100 mV for positive cur-
rent, and vice versa for negative current generation, with the
resistor R set to 10 MQ.

Similarly, Figure 6 and Figure 7 show the DC sweep re-
sults from the current source designed for generating a bipolar
current from 100 nA to 0.5 uA and 0.5 puA to 5 uA, respec-
tively. Hence, the simulation results shown in Figure 5, Fig-
ure 6, and Figure 7 depict the generation of 100 pA to 5 uA
of current from the designed current source.
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Table 1. Comparison of DACs based on different key parameters
S.No. | Parameter DAC121S5101 DACS5670 DACS5675 DAC8165
1 Bit Depth 12 14 14 14
2 Zero Error / Offset Error | 2.1 mV (Typ) +0.09% FSR = 2.9 mV | 0.01% FSR +5mV
(3.3V)
3 DNL +0.21,-0.10 LSB +0.8 LSB = 40 pV | 0.6 LSB = 30 pV | +0.3LSB
(3.3V) (3.3V)
4 INL 8 LSB max, +2.75LSB | #1.5 LSB = 75 pV | *1.5 LSB = 75 uVv | -
typ (3.3V) (3.3V)
5 FS Error -0.04% FS =-5mV (5V | 58 mV (3.3V) + offset 165 mV (3.3V) +0.2% FSR
FS)
6 Gain Error 0.11% FSR (typ) +1.6% FSR (typ) 5% FSR -0.5% FSR
7 Vsupply 5V 3.3V 3.3V 5V
8 Max Sample Rate 2 MSPS max 1.2 GSPS 400 MSPS 2 MSPS
9 Package 10-lead CFP CBGA 192 HFG 52 TSSOP-16
10 Control Interface SPI LVDS + HyperTrans- | LVDS SPI
port
11 Power 1.19 mW (Nominal) 2W 660 mW 3.3 mW
12 Temp. Drift =20 uv/°C 75 ppm of FSR/°C 12 ppm of FSR/°C 5 ppm/°C
13 Space Qualified Qualified Qualified Qualified Not Qualified
Table 2. Comparison of Op-Amps Based on Key Parameters
S. No. | Parameter Requirement LMP7704-SP OPA4277UA- ADA4610S AD648S ADS549
SP
1 Input  Offset | <5pA +500 fA +500 pA +25 pA +10 pA (max) +60 fA
Current @27°C
2 Input  Offset | <100 uv +60 uVv 20 uVv +400 uv +2 mV (max) +500 uv
Voltage @27°C
3 No. of Chan- | 4 4 4 4 1 1
nels
4 Space Qualified | Yes Yes, 100 | Yes, 100 | Yes, 100 | Yes, 100 | No
krad(Si) krad(Si) krad(Si) krad(Si)
5 Unity Gain | 1 MHz 2.5 MHz 2.5 MHz 5 MHz 1 MHz (typical) | 1 MHz (typical,
Bandwidth MIL grade)
6 Operating Tem- | -55°C to | -55°C to | -55°C to | -55°C to | -55°C to | -55°C to
perature Range | +125°C +125°C +125°C +125°C +125°C +125°C
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Table 3. Specification of the E-Calibration Current Source

S.N. | Specification Value Remarks
1 Current range 100 pA to 5 pA bipolar 100 pA to 0.5 pA with 10 MQ resistor; 0.5 uA to 5 pA with 1 MQ resistor
2 Power 150 mW For generation of bipolar current using +5 V bias
Footprint 50 mm x 50 mm 2-channel E-calibration current source considering footprint of space
qualified components
4 Mass =15 gm =10 gm is contributed by relay mass and excluding enclosure, shielding,
and SMA connectors
Resolution 10 pA Considering 14 bit DAC resolution
6 Biasing voltage require- | +5V Opamp and DAC Biasing voltage
ments
1 Hz-10 Hz: Zy = 10 MQ . . .
7 Output Impedance Output impedance varies with frequency
1 kHz-100 kHz: Zoy = 1 M
pA range: 95% o
8 Accuracy Based on measured calibration performance
nA to pA range: 99%
9 Stability Stable up to 100 kHz Gain margin = 20 dB; Phase margin = +45°; Unity gain = 3 MHz
10 | Full-Scale Linearity 99% Based on measured and ideal current linearity
11 Settling Time 1 ms Limited by DAC speed and circuit bandwidth
12 | Operating Temp -20°Cto 65 °C Based on thermal testing
13 | RMS noise over DC signal | 10 pA RMS

Table 4. Major Components and their equivalent space-qualified components used in the design of E-calibration source

S. No. | Component Type COTS Component Space-Qualified Compo- | Critical Parameter
nent
1 Precision Op-Amp LMP7704UA LMP7704-SP Low Bias Current:
0.2t0 0.5 pA @ 25°C
400pA @ 125°C
2 Switch / Relay CP250 GP250 120 E 00 12 or | Space-qualified; Nominal operating
GP250 40 E 00 06 voltage: 12Vor6V
3 DAC (Digital to Analog | DAC121S5102 (12-bit) and | DAC5675A-SP (14-bit) <1 mV Voltage Resolution
Converter) DAQ (16-bit)
4 FPGA (Field Pro- | PROASIC3E  Microchip | RTAX2000 Microchip Space-qualified
grammable and  Gate | FPGA
Array)
Table 5. Component Parameter Drift Estimation over Temperature Range of —20°C to +65°C
Component | Parameter Value Temp. Coefficient Drift over AT (-20°C to
+65°C)
DAC Gain Error +10% +100 ppm/°C +0.85% over 85°C
DAC Vet Drift +60 mV +50 ppm/°C +4.25 mV
OPAMP Vos +0.3 mV +1.5 uv/°C +127.5 uv
OPAMP Ig 100 pA +0.5 pA/°C +42.5 pA
Resistor Value 10 kQ 10 ppm/°C +0.085%
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le—7 DC sweep for 100nA to 500nA bipolar current
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—— -ve current

Load Current {/;) in Ampere
o

1.0 15 2.0 2.5 3.0 3.5 4.0 4.5 5.0
V; and V; sweep in Volts for +ve and -ve current

Figure 6. DC Sweep simulation for the generation of
100nA to 0.5 uA of bipolar current. In which V=100 mV
and R; = 10 MQ constant and V, sweeps from 1 Vto 5V

with the step of 10 mV for positive current (blue) and

vice-versa for negative current (green)

1e—6 DC sweep for 0.5uA to 5uA bipolar current

—+— +ve current
—+ -ve current

Load Current {/;) in Ampere
o

1 2 3 4 5
V; and V; sweep in Volts for +ve and -ve current

Figure 7. DC Sweep simulation for the generation of
0.5 uA to 5 uA of bipolar current. In which V1= 100 mV ,
V> sweeps from 0.6 V to 5 V with the step of 10 mV for
positive current (blue) and vice-versa for negative current
(green) keeping Ry = 1 MQ constant
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Figure 8. Load Resistance (R;,q4) Sweep simulation for
the generation of 10 nA bipolar constant current. In which
Rioaa sweeps from 10 Q to 10 kQ with the step of 10 Q, V;
=24V, V,=25VforlOnAandV, =25V, V, =24V for

-10nA, keeping R, = 10 MQ constant

Figure 8 shows the simulation results for the load resis-
tance (Rjpqq) sweeps from 10 € to 10 k€ in the steps of 10 Q,
for positive 10nA keeping Vi =24V, V, =2.5V, and vice-
versa for negative 10nA, keeping Ry= 10 MQ constant. As we
can see in the results, the current remains constant at +10 nA
for the complete variation of load resistance from 10 Q to
10 kQ, which confirms that the current output is independent
of load variations. The above simulation results show that
our designed load-independent current source functions prop-
erly for the generation of constant current under conditions
of varying load. Hence, due to the load independence capa-
bility of the designed E-calibration source, this E-calibration
approach can be used with the various designs of FEE in the
development of space-borne instruments. To see the varia-
tion in the E calibration current source due to temperature
change, a temperature sweep simulation is carried out. Fig-
ure 9 shows the temperature sweep simulation of -20°C to
120°C with a step of 1°C for the generation of different con-
stant currents from pA to pA range. In which we have con-
sidered resistance tolerences of 1%, temperature coefficients
TC, and TC; is 5 ppm/°C and 1 ppm/°C respectively for each
resistors. As we can see that small currents in the picoampere
range are more sensitive to temperature variations. To investi-
gate this further, the E-calibration source was also evaluated
in a controlled thermal chamber, and the corresponding re-
sults are presented in Section 4.

3.2 Hardware Results

Based on the simulation results, the circuit is optimized
and a 6-layer PCB layout is designed as shown in Figure 10.
This PCB contains six different current calibration channels,
which can generate six different currents from 100 pA to 5 uA
based on the required calibration currents using voltage com-
binations of V; and V> for each channel. To ensure a minimum
leakage and maintain a proper signal integrity, a 6-layer PCB
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Figure 9. Temperature sweep simulation from -20°C to
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Figure 10. PCB Layout of six-channel E-calibration
current source PCB which contains 6 layers (2 signal layer, 2
ground plane , and 2 power plane)

is designed and fabricated in which L, L¢ are signal layers,
Lj, Ls are ground plane layers, and L3, L4 are +5V power
plane layers. Figure 11 shows the 150 mm X 100 mm fabri-
cated PCB of six channel E-calibration source.

The designed PCB, shown in Figure 11, was tested and
results were obtained for the generation of bipolar current
ranges from 100 pA to 5 puA. The generated current was mea-
sured using a commercial high-precision 6.5-digit electrom-
eter (B2987A), and the data was logged using the designed
LabVIEW-based checkout system illustrated in Figure 18. The
hardware testing was conducted for both polarities of currents,
i.e., positive and negative, to enable the measurement of ions
and electrons, respectively. In the results presented in Figure
12 to Figure 16, the blue curves correspond to positive cur-
rent measurements, while the green curves represent negative
current measurements.

Figure 12 presents the plot of absolute ideal current ver-

Instruments

150mm
Ell
£l
o
=]
—
J.% B 08 @ S
l 2 channel 2 channel “~ "2 channel

Figure 11. 150 mm X 100 mm 6-layer PCB of six-channel
E-calibration source

sus measured current for generated bipolar current values rang-
ing from 100 nA to 5 uA. In this experiment, V; is held con-
stantat 0.1 V, Ry is fixed at 1 MQ, and V> is varied from 1 V to

5 Vin steps of 10 mV for positive current shown in blue color

and V, = 0.1 V and V] is varied similarly for negative current

shown in green color using Data Acquisition card (DAQ). The

experiment was repeated 32 times with the same values of Vi,
V,, and R;, to evaluate the consistency and repeatability of

the generated current across the specified range.

Figure 13 depicts the corresponding percentage error graph
for the measurements presented in Figure 12, where it can be
observed that the majority of the current measurement errors
are less than +0.3% for the generation of bipolar currents in
the range of 100 nA to S5uA.

A similar experiment was conducted to generate bipolar
current ranges from 100 pA to 0.5 uA. Figure 14 presents the
plot of absolute ideal current versus measured current for this
range. In this setup, V) is constant 0.1 V, V, is varied from
0.2 Vto 5 Vin steps of 1 mV for positive current generation,
V> =0.1 V and V; is varied similarly for negative current us-
ing a DAQ and R; is fixed at 10 MQ. The experiment was
repeated 50 times to evaluate the consistency and repeatabil-
ity of the generated current across the specified range, and
the aggregated data is shown in Figure 14. The plot demon-
strates a linear relationship between the ideal and measured
currents during continuous data acquisition. To evaluate the
measurement accuracy, a graph of theoretical current versus
percentage current error is plotted as shown in Figure 15. It
may be noted in this figure that for the bipolar currents gen-
erated in the range of 100 pA to 1 nA, the measured current
error increases upto 2% to 5%. This increase in the measured
current is primarily due to leakage currents in electronic com-
ponents such as operational amplifiers. Nevertheless, for cur-
rents between 2 nA and 10 nA, the percentage error remains
within +1%, as shown in Figure 15. Similarly, Figure 16
shows the error graph for bipolar current generated between

10 nA and 0.5 pA, wherein the measurement errors remain
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Figure 12. I;jeory VS Imeasure for a current range of
100 nA to 5 A and -100 nA to -5 uA using a constant
resistor Ry = 1 MQ. For positive current (blue), V; =0.1 V
and V; is swept from 1 V to 5 V in 10 mV steps. For
negative current (green), V, = 0.1 V and V] is sweeped
similarly. The x-axis represents the absolute value of the
theoretical current, calculated as |Ipeory| = [(V2 = V1) /Rg|
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Figure 13. Iipeory V8 Yolmeaserror for the bipolar current
ranges from 100 nA to 5 pA for 32 times, Blue curves shows
the measured current error corresponds to positive current
whereas the green curves shows the negative current error
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Figure 14. Ijcory VS Imeasure for a current range of
100 pA to 0.5 uA and -100 pA to -0.5 uA using a constant
resistor Ry = 10 M Q. For positive current (blue), Vi =0.1 V
and V5 is swept from 0.2 Vto 5 Vin 1 mV steps. For
negative current (green), V» = 0.1 V and V; is varied
similarly. The x-axis represents the absolute value of the
theoretical current, calculated as |/iheory| = [(V2 = V1) /R

within +0.5%.

Figure 17 shows the test setup for the characterization of
the designed current source, wherein the DAC control signal
is being generated by the ProASIC3E (COTS) FPGA. For the
characterization of the current source V| and V, values of the
current source is generated by DAC. The digital correspon-
dence of the values has been stored in the FPGA. A total 16
such V; and V; values are stored in the FPGA and are selected
based on the control signal given by LabVIEW based char-
acterization checkout software developed (Kushwaha et al.,
2021). A screengrab of the software is shown in Figure 18.
Based on the selected voltage values, the DAQ generates the
digital signal to the FPGA, based on which the DAC values
are changed to select the new current.

The preliminary test results for the interface between the
designed ECAL and the first stage of the front-end electronics
(FEE), which consists of a linear trans-impedance amplifier
(TIA), were obtained. Currently, a 12-bit DAC is used to gen-
erate the control voltages V| and V;. In this experiment, V,
was held constant at 4.94 V, while V; was varied across dis-
crete voltage levels. This configuration produced a discrete
set of current values, which were initially measured using
a commercial picoammeter. Subsequently, the picoammeter
was replaced with the TIA to evaluate the impact of load con-
nection on the designed E calibration source. The same com-
binations of Vi, V, and R were used during this test. Figure
19 shows the comparison between the TIA-measured current
(blue) output (derived from voltage measurement) and the pi-
coammeter output (green). The results exhibit good agree-
ment between the two, with a maximum offset of +40 pA
and a standard deviation (1-sigma variation) of approximately
3 pA. Further studies involving different gain stages are planned
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Figure 19. Comparison between ECAL generated current
and measured TIA measured current for different V;, and V,
is kept constant at 4.94 V

for future work.

4. Thermal test of E-Calibration Source

The E-calibration source consists of precision operational
amplifiers and resistors, whose performance with respect to
temperature must be characterized. To evaluate this, the E-
calibration source was tested inside a controlled thermal cham-
ber, and measurements were recorded for different constant
current settings. In this experiment, the thermal chamber was
operated over a temperature range of -5 °C to 65 °C, consid-
ering that the present E-calibration circuit is built using com-
mercial off-the-shelf (COTS) components rated for —25 °C to
85 °C. In this setup chamber followed a pre-programmed ther-
mal cycling profile for a total duration of 7.5 hours. Initially,
the temperature was decreased from 25 °C to -5 °C within the
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Figure 20. Temperature profile from -5 °C to 65 °C of the

thermal chamber and the E-calibration PCB over a 7.5-hour

thermal cycling test. The E calibration PCB temperature is
in blue, and the chamber temperature is in orange

first 30 minutes. Thereafter, it was incremented in 5 °C steps
every 15 minutes, with a dwell time of 15 minutes at each
temperature point, until it reached 65 °C. Figure 20 shows the
temperature profile of the thermal chamber (orange) and the
corresponding temperature of the E-calibration PCB (blue) as
a function of time. The chamber temperature was recorded us-
ing the built-in RTD sensor, while the PCB temperature was
measured using a PT100 sensor placed on the PCB and con-
nected to a Keysight B2987A commercial electrometer. As
observed, both temperature traces follow a similar trend, indi-
cating consistent thermal tracking between the chamber and
the E-calibration PCB.

Figure 21 shows the temperature performance, from 5 °C
to 65 °C, of the different generated constant currents from the
E-calibration source using the same thermal profile shown in
Figure 20. As we may see in the graph, all discrete currents
are quite stable for the whole range of temperature variations.

Figure 22 illustrates the current error across different con-
stant current levels as a function of temperature, ranging from
—5°Cto 65 °C. As observed, the current error remains within
1% for currents above 500 pA, indicating good temperature
stability for this range of currents. However, for currents be-
low 500 pA, the error increases with temperature variation,
reaching up to 5%. This increased error is attributed to vari-
ations in the input bias current of the operational amplifier
(400pA @ 125 °C), which become significant at picoampere
levels, as discussed in Table 5 of component drift error. Based
on the current findings, it is inferred that maintaining a stable
temperature between 20 °C and 30 °C is essential for reliable
current generation below 500 pA. In future, further studies,
including thermo-vacuum testing, are planned to comprehen-
sively assess the temperature dependence of the precision E-
calibration source.
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to 65 °C for different generated constant currents. X-axis
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values as a function of temperature during the thermal test
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5. Future Plans

As discussed, a design of calibration of currents in on-
board systems is proposed. Supporting simulations, hardware
and thermal tests are also demonstrated and are shown to be
performing well. The proposed E-calibration source is suit-
able for integration with space-borne instruments to enable
onboard calibration. In the future, the designed E-calibration
source will be integrated with the FEE of our in-house devel-
oped ion measurements space-borne instrument, under con-
sideration for flight in the upcoming ISRO’s missions. In that
design, there will be five independent channels of E-calibration
source to generate five different currents simultaneously. As
per our requirement, currents in the range of 100 pA to 0.5 uA
will be generated using the Ry at 10 MQ constant, and Vj,
V> will be programmable using the onboard DACs for the re-
quired current generation for onboard calibration.

Table 6 shows the few values of test currents calculated
corresponding to the wide range of ion densities expected
in a typical low earth orbit. Figure 23 illustrates the initial
test setup of the E calibration source in conjunction with the
instrument detector. In this setup, a continuous current of
300 pA is injected at one channel of the E-calibration source
from a commercial current source through the detector, while
relay circuitry switches between the designed current source
and the detector current, the output current is measured using
the precision electrometer and LabVIEW based checkout sys-
tem to verify the complete functionality of the E-calibration
source. The results demonstrate that the system is currently
achieving an accuracy of 95% or better in measuring currents
in the picoampere range, indicating that any degradation due
to the current configuration is within acceptable limits. Fur-
thermore, in the final implementation, the E calibration source
will be integrated directly onto the FEE PCB, eliminating the
need for additional connectors and harnessing in the detector
signal path.

The final integrated PCB design, where the E calibration
source and FEE will reside on the same board, we will imple-
ment guard rings around sensitive analog traces to minimize
surface leakage currents and PCB-based routing, eliminating
the need for external coaxial/sma harnesses, which further re-
duces leakage and improves reliability. These design modi-
fications will ensure accurate and stable current generation,
particularly for picoampere measurements, and will be incor-
porated in the flight version of the instrument.
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