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Abstract - In applications such as precision sensing, spec-
troscopy, and biomedical instrumentation, ultra-low-level
optical signal detection is essential. Accurately converting
microampere-level photodiode current into a steady and
measurable voltage while reducing noise and preserving lin-
earity is the main difficulty in such systems.
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1. INTRODUCTION

In order to detect ultra-low-level optical signals, very tiny pho-
todiode currents must be precisely converted into detectable
voltage signals while preserving linearity and stability. The pro-
posed work uses a high-speed operational amplifier with a vari-
able feedback network to dynamically control gain in order to
implement a practical transimpedance amplifier (TTIA). To sim-
ulate photodiode behavior, a controlled current source with a
range of 0.5 pA to 10 pA is applied, and the resulting output
voltage variations are examined. The circuit is appropriate for
experimental validation of microampere-level optical detection
systems because it places an emphasis on stable signal condi-
tioning, low noise performance, and adjustable sensitivity.

2. CIRCUIT DESCRIPTION AND WORKING PRINCI-
PLE

The designed circuit corresponds to an actual realization of an
operational amplifier

This work uses a high-speed operational amplifier to imple-
ment a transimpedance amplifier (TIA) architecture to de-
tect input currents between 0.5 pA and 10 pA. A variable po-
tentiometer is incorporated into the feedback network to en-
able dynamic sensitivity tuning and adjustable gain control.

transimpedance amplifier (TIA) circuit, which is used for ultra-
low level optical signals. In this case, the photodiode is repre-
sented as a controlled current source, denoted as I1. This com-
ponent injects a small level of current, in the range of micro-
amperes, into the inverting input of the operational amplifier,
denoted as Ul. This model of the photodiode corresponds to an

[JERTV 151 S020545

Mr. Sumit Dalal
Assistant Professor
Hod , Ece Dept, Skitm
Mdu Rohtak , India

actual realization of the standard model of the pho-
todiode, where it is considered as a current source proportional

to the level of the optical power [1], [9]

The operational amplifier is used as a transimpedance amplifier.
As explained in Graeme [12] and Sackinger [4], the output volt-
age of the transimpedance amplifier is proportional to the level
of the input current as well as the level of the resistance, shown
as: Voue = —Iin Ry

In this circuit, a variable resistor is incorporated in the feedback
path, which makes it possible to vary the gain of the circuit. By
changing the value of variable resistor R1 (1000 k€ potentiom-
eter), it is possible to vary the transimpedance gain to suit dif-
ferent input current ranges (0.5 pA to 10 pA). This is necessary
in real-world optical systems, as the intensity of light varies
greatly [6].

The low values of the series resistors R3 and PRS5 ensure stabil-
ity in the input circuit. The use of the capacitor C2 in the circuit
serves for supply decoupling. This is crucial in low current
measurements [5], [11]. At the output end of the circuit, the ca-
pacitor C1 serves as a filter. It filters the output before it can be
viewed using the oscilloscope.

3. SELECTION OF MULTISIM FOR CIRCUIT SIMULA-
TION

For the analysis and validation of the proposed transimpedance
amplifier (TIA), NI Multisim was chosen as the simulation en-
vironment. The reason behind choosing Multisim is its analog
simulation engine that uses SPICE, which is reliable for simu-
lating low current and high-gain amplifier circuits. Since the de-
signed system is working at the microampere range of 0.5 pA to
10 pA, it is very crucial to accurately represent its current-volt-
age conversion stability.

Multisim allows real-time observation of the output voltage with
the help of virtual oscilloscopes, which makes it easier to verify
the proposed TIA relationship

Vout = —IinRy as proposed by Graeme [12] and Sackinger [4].
It also allows detailed op-amp modeling, which makes it possi-
ble to analyze bandwidth and noise-related parameters of the
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designed system with respect to real-world design considera-
tions proposed by Razavi [6].

4. PHOTODIODE REPRESENTATION IN MULTISIM

Once the platform for the simulations was identified as NI Mul-
tisim, the next step was to simulate the optical sensor element.
In a practical scenario, a photodiode under reverse bias gener-
ates a current proportional to the incident optical power rather
than a voltage output. This current-mode characteristic of a pho-
todiode is well established in the theory of photodetectors [1],
[9]. Hence, for circuit-level validation purposes, a photodiode
can be well approximated as a current source.

In the current simulation scenario, an ideal DC current source
was chosen as a substitute for the photodiode. The current was
varied over a range of 0.5 pA to 10 pA. According to the prin-
ciples of analysis of a transimpedance amplifier [4], validation
of the current-to-voltage conversion characteristic using a con-
trolled current source facilitates independent analysis of the per-
formance of the amplifier.

5. SIMULATION RESULTS AND CONTROLLED CUR-
RENT VARIATION

In order to test and validate the performance of the proposed
TIA with respect to its current-to-voltage conversion character-
istics, the input current source has been varied step by step using
NI Multisim. Figure 1(a), Figure 1(b), and Figure 1(c) illustrate
the simulated response at the node when the input current source
varies from 0.5 pA to 10 pA.
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Figure 1(a)

In Figure 1(a), it can be observed that when the input current is
set at 0.5 pA, there is a change in the magnitude of voltage at
the input node. This validates that the proposed amplifier can
detect current variations at a sub-microampere level.
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Figure 1(b)

In Figure 1(b), it can be observed that when the input current is
set at 5 pA, there is a corresponding change in the voltage mag-
nitude. In Figure 1(c), it can be observed that when the input
current is set at 10 pA, there is a corresponding change in the
voltage magnitude.
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Figure 1(c)

From the results, it is confirmed that proportionality is achieved
for the proposed configuration with respect to changes in the ap-
plied current.

6. SELECTION OF OPA651U FOR ULTRA-LOW-LEVEL
TIA APPLICATION

For the proposed transimpedance amplifier, the OPA651U de-
vice is chosen because it is best suited for high-speed and low-
noise current-to-voltage conversion. In ultra-low-level optical
detection, it is of prime importance that the operational amplifier
has low input bias current, high bandwidth, and stability when
operated at high gain. The OPA651U device has these charac-
teristics, which make it best suited for microampere signal con-
ditioning.

One of the major reasons for choosing this device is that it has a
high bandwidth, which ensures that bandwidth is maintained
when high feedback resistance is used. As discussed in transim-
pedance amplifier design literature [4], increasing feedback
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resistance is desirable for increasing sensitivity but reduces
bandwidth. A high-speed amplifier is needed to maintain band-
width.

Furthermore, it has low input voltage noise, which is important
for precision optical measurement systems where resistor ther-
mal noise and amplifier noise can become predominant at high
gain levels [7], [11]. The low bias current ensures that there is
no error in current mode sensing, thus maintaining linearity as
discussed under classical TIA analysis [12].

It can thus be concluded that OPA651U offers an effective solu-
tion for ultra-low-level optical signal sensing.

7. CIRCUIT DESCRIPTION

Figure 2 demonstrates the complete transimpedance amplifier
circuit design intended for ultra-low-level optical signal detec-
tion. As indicated, the circuit design was constructed using the
OPA651U component, with an inverting current-to-voltage con-
version topology.
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Figure 2

a) Photodiode Modeling Using Current Source (I1)

b) Input Stabilization Resistor (R3 — 100 Q)

¢) Operational Amplifier Configuration (U1l —
OPA651U)

d) Feedback Network (R1 — 1 MQ Potentiometer)

e) Power Supply and Decoupling (V1 and C2 — 0.1 pF)

f) Output Isolation and Filtering (R2A — 50 Q and C1 —
47 uF)

g) Measurement Using Oscilloscope

8.APPLICATIONS

In situations where the received optical power is very low and
traditional detection methods are insufficient, ultra-low-level
optical signal detection devices are essential. These systems are
widely employed in fiber -optic sensing and communication, es-
pecially in distributed and long-distance sensing applications
where signal attenuation is substantial. Ultra-low-level detection
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is crucial for biomedical instrumentation methods such optical
biosensing, low-light imaging, and fluorescence-based diagnos-
tics. Furthermore, highly sensitive photodiode—TIA front-end
circuits are necessary for optical spectroscopy and astronomical
apparatus to precisely measure weak light signals. In order to
maintain signal integrity at very low signal levels, emerging
fields like quantum optics and photon-counting systems further
require ultra-low-noise current-to-voltage conversion.

9. RESEARCH GAP AND MOTIVATION

The majority of current designs are created for fixed gain oper-
ation and tailored for particular signal levels, despite the fact that
a significant amount of research has been published on photodi-
ode-based optical signal detection employing transimpedance
amplifiers. Fixed-gain TIA systems are less flexible in real-
world experimental and sensing settings since optical signal in-
tensity can vary greatly. The need for straightforward and adapt-
able gain control in ultra-low-level signal situations is frequently
overlooked in favor of either high sensitivity or broad bandwidth
in many published solutions.

Additionally, although integrated TIA solutions have been ex-
tensively researched, nothing is known about workable, afford-
able Op-amp-based TIA designs that enable manual gain tweak-
ing without sacrificing linearity, stability, or noise performance.
Specifically, the research has not sufficiently examined the im-
pact of adding adjustable feedback components, like potentiom-
eters, in ultra-low-current photodiode signal conditioning cir-
cuits. This lack of focus highlights a clear research gap in devel-
oping a flexible and experimentally adaptable TIA-based signal
conditioning approach suitable for ultra-low-level optical signal
detection.

10.FUTURE SCOPE

The creation of highly integrated, low-noise TIA systems with
enhanced thermal and long-term stability is anticipated to be the
main focus of future developments in ultra-low-level optical sig-
nal detection. Adopting auto-ranging or digitally controlled gain
mechanisms can increase system flexibility while lowering the
need for manual calibration. Advanced noise-reduction strate-
gies, such as bandwidth management, hybrid analog—digital sig-
nal processing, and optimal feedback network design, may yield
even greater gains. It is expected that the combination of intelli-
gent calibration algorithms and digital signal processing (DSP)
will enhance sensitivity, resilience, and flexibility under various
operating situations. Next-generation optical detecting systems
with improved performance for industrial, scientific, and medi-
cal applications will be made possible by these developments.
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