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Abstract 
In a typical synchrotron beamline, the interaction of pho-

ton beams with different materials generates free electric 
charges in devices such as ionization chambers, photodi-
odes, or even isolated metallic structures (e.g., blades, 
blocks, foils, wires). These free charges can be measured 
as electric current to diagnose the photon beam intensity, 
profile, position, or stability. Sirius, the new 3 GeV fourth-
generation Brazilian light source, may accommodate up to 
38 beamlines, which combined will make use of hundreds 
of instruments to measure such low-intensity signals. This 
work reports on the design and test results of a transimped-
ance amplifier developed for low current measurements at 
Sirius’ beamlines. The device presents low noise, high ac-
curacy, and good temperature stability providing 5 se-
lectable ranges (from 500 pA to 7.3 mA) to measure bipolar 
currents achieving femtoampere resolution under certain 
conditions. Considering low bandwidth applications, the 
results suggest noise performance comparable to commer-
cial bench instruments. Additionally, the project definitions 
and plans for the development of a family of low current 
ammeters will be discussed.  

INTRODUCTION 
The construction of a new fourth-generation synchrotron 

brings the challenge in many engineering areas. There are 
situations in which the solutions or the devices available in 
the market are expensive or not suitable due to aspects such 
as the size, performance, update rate, communication inter-
face, or even because of incompatible infrastructure. For 
those reasons, the electronic instrumentation group, in the 
Brazilian Synchrotron Light Laboratory (LNLS/CNPEM), 
has designed a low noise current-to-voltage amplifier. 

There are well-known topologies [1] that are suitable for 
low current measurements, such as charge integrators, 
shunt resistors and the classic transimpedance amplifiers. 
All of them convert the input current/charge to a propor-
tional voltage using operational amplifiers and accompa-
nying circuits. Considering the pros and cons characteris-
tics we have designed an ammeter based on a transimped-
ance of each topology (I – V converter). With a small form 
factor, the designed circuit has extremely low input bias 
current, minimal input voltage burden and very low noise, 
becoming a suitable solution for a wide range of applica-
tions in synchrotron experimental stations and their diver-
sity of experiments. 

TRANSIMPEDANCE AMPLIFIER 
The transimpedance amplifier is a current to voltage 

(I-V) converter that makes use of an operational amplifier 
and a feedback resistor (RF) [2] also known as transimped-
ance gain. A feedback capacitor (CF) is placed in parallel 
with the resistor to stabilize the circuit and limit the band-
width [3]. The output voltage and the cutoff frequency of 
an ideal transimpedance amplifier are shown in Eq. (1) and 
Eq. (2) and respectively.  𝑉௢௨௧ = −𝐼௜௡𝑅ி    (1) 
 𝑓௖ = ଵଶగோಷ஼ಷ      (2) 

Noise Analysis and Circuit Stability 
The noise analysis of the classic transimpedance ampli-

fier considers two major noise sources [4, 5]: the opera-
tional amplifier noise and the feedback resistor’s thermal 
noise. For a more general analysis, in this work, the noise 
discussion uses the noise density terms, instead of the over-
all noise.  

 The total output noise voltage density is given by 
Eq. (3), where env and eni are, respectively, the operational 
amplifier voltage and current noise contribution referred to 
the output voltage noise density and en_Rf is noise density 
from the feedback resistor. 

 𝑒௡௢௜௦௘ = ට𝑒௡௩ଶ + 𝑒௡௜ଶ + 𝑒௡_ோ௙ଶ     (3) 
The operational amplifier input noise densities values 

can be found in the datasheet, but they must be referenced 
to the output: the input voltage noise density value must be 
multiplied by the voltage gain network (feedback resistor 
and input resistance), and the input current noise density 
by the transimpedance gain. The noise density from the 
feedback resistor is modelled using Johnson’s noise den-
sity equation [Eq. (4)], where k is the Boltzmann constant, 
T is the absolute temperature in Kelvin, and R is the re-
sistance value.  𝑒௡ = √4𝑘𝑇𝑅       (4) 

A way to analyze the stability in transimpedance ampli-
fiers is based on phase margin estimation. According to [6], 
there is a figure of merit applicable to minimum-phase cir-
cuits, the rate of closure (ROC), that helps to estimate the 
circuit’s phase margin that is given by Eq. (5). The ROC is 
the difference between the noise gain slope in dB/dec and 
the operational amplifier open-loop gain also in dB/dec at 
the cross-over frequency.  𝑝𝑚 = 180° −  4.5 𝑥𝑅𝑂𝐶     (5)  ___________________________________________  
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From Eq. (5), considering 45° the minimum phase mar-
gin to avoid circuit instabilities, it is possible to determine 
the minimum feedback capacitor needed to stabilize the 
circuit, given by Eq. (6).  𝐶௙ >  ଵସగோ೑௙೒್ೢ  ൫1 +  ඥ1 + 8𝜋𝑅௙𝑓௚௕௪𝐶௜௡൯  (6) 

DESIGN DETAILS 
Circuit Implementation 

To measure extremely low-intensity currents, the chosen 
operational amplifier meets several parameters such as in-
put bias current, voltage and current noise density, input 
offset voltage and low offset drift [7].  

The wide dynamic range for current measurements, from 
few femtoamperes to units of milliamperes, is guaranteed 
using the classical multirange transimpedance amplifier 
circuit [8]. For this application, we used high insulation 
reed relays to select different gain resistors on the amplifier 
stage. Due to the PCB physical space limitation, there are 
five selectable transimpedance gains available. A simple 
onboard digital circuit was implemented to drive the relays. 

Concerning transimpedance gain, the circuit was imple-
mented using high precision and low temperature coeffi-
cient SMD resistor (1206, ±0.1 %, ±25 ppm/ºC) except for 
the highest gain scale (1206, ±10 %, ±250 ppm/ºC) since it 
is the only SMD resistor available at the market to perform 
the desirable transimpedance gain. To limit the circuit 
bandwidth and provide circuit stability, the feedback ca-
pacitors have been chosen considering two intrinsic prop-
erties: good thermic stability and low leakage [9]. Mica ca-
pacitors were used only for the two most sensible gains and 
common NP0 ceramic capacitors for other ranges. 

Table 1: Feedback Resistor, Sensitivity, Full-Scale Cur-
rent, Feedback Capacitor, Capacitor Type, and Theoretical 
Cutoff Frequency 

RF

(Ω) 
Sensitivity 

(A/V) 
Full-scale 

(A) 
CF 

(nF) 

fc 
(kHz)  

10 G 100 p 500 p 0.001 0.016 
100 M 10 n 50 n 0.001 1.6 

1 M 1 μ 5 μ 0.1 1.6 

10 k 100 μ 500 μ 10 1.6 

680 1.4 m 7 m 220 1 

The capacitor values were decided considering a project 
constraint to have the same bandwidth for every transim-
pedance gain, unless for the most sensible scale 
(100 pA/V), that is limited for much lower cutoff fre-
quency.    

Table 1 summarizes all ranges characteristics consider-
ing a ±5V output voltage excursion. 

To supply the amplifier, an external ultra-low noise 
power supply (ULPNS) was designed. This device is based 
on switching DC-DC converters and low noise regulation 
stages and can supply up to four current amplifiers. 

Despite this, the amplifier board still has an additional bi-
polar low noise voltage regulator to provide extra PSSR 
(Power Supply Rejection Ratio).  

Low Noise Techniques 
The PCB was designed to guarantee an extremely low 

current leakage path from the input connector to the input 
pin using guarding and shielding techniques [1, 10]. The 
board design comprises the use of solutions such: guard 
ring tracks, planes and metallic shielding driven by a guard 
buffer circuit, combined with PCB cut-outs and solder 
mask removal from sensitive regions. 

To reduce overall noise, switching noise coupling from 
the digital circuitry on the analog signals or ground loop 
issues, the PCB layout was made using split ground planes 
[11] with a well-planned current return path. Via fences
were positioned to protect sensitive signals and decoupling
capacitors were largely used. Figure 1 shows the assembled 
board.

Figure 1: Small form factor, low-cost, multirange low 
noise transimpedance amplifier. 

Cleaning Process 
After the PCB soldering, impurities such as solder flux 

and body oil may be present. From empirical observations, 
these contaminants may cause unwanted offset voltages 
that hinder low current measurements (sub nanoampere 
range). For this reason, a cleaning process was established. 
The procedure comprises 30 minutes of ultrasonic bath 
with isopropyl alcohol (IPA) 99% followed by an oven dry-
ing period (125ºC – 30 min). From our observations, the 
overall output offset voltage can be reduced, on average, 
three orders of magnitude, reaching microvolt levels. Ad-
ditionally, a silica gel packet is also positioned inside the 
electronics enclosure to act as a drying agent.  

RESULTS 
The characterization setup uses a CompactRIO hardware 

with 24 bits NI-9239 ADC module [12] and a Keithley 
6221 precision current source [13] to evaluate three figures 
of merit: gain, bandwidth, and noise spectral density. 

From the gain characterization, in the four lower gain 
ranges, the maximum gain error was 0.15%. While in the 
higher gain scale (pA range), the maximum gain error was 
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less than 6%. These gain errors can be calibrated and agree 
with the feedback resistor's tolerance and current source er-
ror.  

The bandwidth analysis presented lower cutoff fre-
quency values than expected in Eq. (2). This can be ex-
plained by parasitic capacitances in the circuit. For A and 
mA ranges, the average error is closer to the capacitor and 
resistor combined tolerances. 

Table 2 shows the expected theoretical noise spectral 
density for designed ranges. These values were calculated 
using Eq. (3) and Eq. (4), as explained in the “Noise Anal-
ysis and Circuit Stability” section. 

Table 2: Theoretical Noise Spectral Density Expected for 
Different Ranges 

Full Scale Current NSD Voltage NSD 
500 pA 1.3 fA/√Hz 12.9 uV/√Hz 
50 nA 13.5 fA/√Hz 1.3 uV/√Hz 
5 μA 248.3 fA/√Hz 248.3 nV/√Hz 
500 μA 21.3 pA/√Hz 212.7 nV/√Hz 
7.3 mA 312.3 pA/√Hz 212.3 nV/√Hz 

To perform the noise analysis, an open shielded cap con-
nector is placed at the amplifier’s input. The input-referred 
current noise spectral density can be calculated by Welch’s 
Power Spectrum Density method [14]. Figure 2 shows the 
noise spectral density for the two most sensitive ranges us-
ing data acquired at 50 kS/s. 

Figure 2: Current noise spectral density of the two most 
sensitive ranges. 

Although the results presented in Fig. 2 agree with the 
estimated values (Table 2), the experimental setup limits 
higher ranges noise measurements, once the NI-9239 volt-
age noise density is about 443nV/√ Hz, greater than ex-
pected for the picoammeter design.  

To evaluate the in-house transimpedance amplifier per-
formance, we compared its noise spectral density with two 
commercial bench instruments: the Stanford SR570 [15] 
and Keysight B2981 [16].  The NSD in the 100 pA/V sen-
sitivity, can be seen in Fig. 3. Unfortunately, the instru-
ments could not be tested using the same bandwidth: the 
SR570 was configured to 100 Hz, the bandwidth of the 

LNLS amplifier was fixed at 16 Hz and the B2981 analog 
output cannot be configured but has less than 1 Hz BW.  

Figure 3: Noise density comparison. 

The LNLS amplifier has a noise level in the same order 
of magnitude as the commercial instruments, and it has an 
effective immunity to mains frequency noise coupling. 

CONCLUSIONS  
We have designed a low-cost multirange low noise tran-

simpedance amplifier. With a small form factor, the ampli-
fier is suitable to measure currents ranging from picoam-
pere to milliampere. Given the large number of devices re-
quired for low current monitoring at Sirius, the in-house 
development showed to be a more cost-effective solution. 
For the first fourteen beamlines, 75 units were produced.  

Several error sources can have serious impacts on low 
current measurement electronics. The right component 
choice and all the strategies adopted to make a proper 
guarding, shielding and PCB layout showed to be effective 
to reduce static and dynamic errors. The cleaning process 
is an indispensable procedure to reduce output offset volt-
age for the most sensitive range.  

The deviation found in gain and bandwidth specification 
is within the component’s tolerance and can be calibrated 
or does not impact the beamline’s applications.  

In low bandwidth applications, the noise performance is 
on the same order of magnitude of commercial bench 
equipment.  An appropriate test setup, using a higher reso-
lution ADC, is under evaluation for an improved NSD 
characterization.  

FUTURE PLANS 
Finally, to fulfill the Sirius beamlines applications other 

devices must be developed in a near future.  
Beam position monitors or slit systems need four simul-

taneous monitoring channels and thus, it will be necessary 
to use a digital picoammeter with four amplifier stages fol-
lowed by integrated ADC´s and an embedded microcon-
troller. The device must provide ethernet interface and real-
time signal processing capabilities. 

Furthermore, for high dynamic range measurements, 
sensitive to gain changes, a low noise single scale logarith-
mic amplifier must be developed. 
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