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Abstract—1In this article, the design of a photometer circuit
based on a current-to-frequency converter is presented. This
circuit is a piecewise linear circuit that makes the most of
feedback to ensure a linear relationship between the input
photocurrent and the output frequency. Here, Proteus simulations
were used to verify the performance of the proposed circuit,
and the electronic simulations and the experimental results were
shown to be in total agreement. The experimental results showed
that the proposed circuit rejected better additive white Gaussian
noise signals than the classic photometer circuit based on the
transimpedance amplifier. In addition, despite that the proposed
circuit is more complex than the classic one, its high linearity,
noise rejection, and easy implementation make it suitable for
applications where measurement precision and noise rejection
are of paramount importance.

Index Terms— Current-to-frequency converter (CFC), current-
to-voltage converter (CVC), photometer circuit, relative proxim-
ity coefficient, transimpedance amplifier.

I. INTRODUCTION

PTOELECTRONIC devices transform light energy into
Oelectrical energy or vice versa, connecting optical sys-
tems with electronic systems. In this way, researchers and
engineers design instruments to generate, detect, and/or control
light in many applications of science and engineering put at
the service of society. Some optoelectronic devices of great
importance today are the following: solar cells, photodiodes,
phototransistors, photoresistors, photomultiplier tubes, charge-
coupled imaging devices, laser diodes, and light-emitting
diodes, among others. In addition, these devices can be found
as part of medical and military equipment, and telecommuni-
cation and automatic control systems, among others [1]-[7].
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Fig. 1. Classic photometer circuit general schematic: photometer based on
a photodiode operating in the photovoltaic mode and coupled to a CVC.

In this research, a photometer circuit whose sensor ele-
ment is a photodiode operating in photovoltaic mode is
presented [1], [8], [9]. In this operation mode, both the
voltage across the photodiode and the dark current flow-
ing through it are zero. In addition, the noise level is
low, and both sensitivity and linearity are high. The active
version of the photovoltaic mode circuit implementation,
where applications prioritize precision over speed, is a
current-to-voltage converter (CVC) based on a transimpedance
amplifier [10].

The general idea behind the classic photometer schematic
shown in Fig. 1, based on the photodiode operating in photo-
voltaic mode and coupled to a transimpedance amplifier, has
found many practical applications [11]-[18]. However, despite
the advantages that were mentioned in previous paragraphs,
especially the low noise and the output voltage that vary
linearly with respect to the photodiode current (i.e., the short-
circuit current), the rejection of the photometer circuit to addi-
tive noise that contaminates the input signal can be improved.
In short, it is important to improve the response of the circuit to
this type of noise because, when the input noise is white noise,
it is very difficult to eliminate its contribution to the output
voltage. This is because the power spectral density of this
type of noise is constant, the signal contains all frequencies,
and, in practice, all frequencies show power values other than
zero [19], [20].

Therefore, in order to increase the level of noise rejection,
guaranteeing high linearity, in this article, a photometer circuit
based on a current-to-frequency converter (CFC) (see Fig. 2)
is proposed. Here, as in the classic case, the photodiode is
operating in the photovoltaic mode, but, unlike the classic
case, now, the output is a pulse train whose frequency varies
linearly with respect to the photodiode current. In addition,
as the output variables of each of the circuits are different,
a coefficient, called the relative proximity coefficient, has been
devised to be able to compare how much the response of each
photometer deviates from the value that it would have for an
input signal without noise and the same input signal but with
added noise.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 2. Proposed photometer circuit general schematic: photometer based on
a photodiode operating in the photovoltaic mode and coupled to a CFC.

The proposed photometer circuit is more complex than
the classic circuit because the new circuit is designed by
connecting both linear and nonlinear stages, among other
things. Nevertheless, the proposed circuit is easy to imple-
ment. Furthermore, the different values taken by the relative
proximity coefficient for each of the circuits, as a function
of the input noise level, showed that the noise rejection
level of the proposed circuit was much higher than the
noise rejection level of the classic circuit. The noise that
affects the behavior of the sensors has been studied exten-
sively over the years from different points of view because
it corrupts the measurements and generates uncertainty in the
measurement systems [21]. Therefore, it has always been a
challenge for electronic engineers to design high-performance
circuits that are as immune as possible to this type of unwanted
signal [22], [23].

The proposed photometer circuit is presented in Section II.
The objective of Section III is to carry out the comparison
between the performance of the proposed photometer circuit
and the classic photometer circuit based on a transimpedance
amplifier. Moreover, Section IV is aimed at the discussion
of the results. Finally, Section V presents the conclusions of
this article.

II. PROPOSED PHOTOMETER CIRCUIT

A circuit implementation of Fig. 1 is shown in Fig. 3. The
feedback network shown in Fig. 3(a) can be as complex as
the design allows. However, in general, it is typical for it
to be formed by a resistor, or in the event that frequency
compensation is required to avoid instability problems of
the transimpedance amplifier, a low-value capacitor is placed
in parallel with the feedback resistor to reduce the tran-
simpedance value at high frequency. In addition, there are
configurations in which the equivalent feedback resistance is
represented as the connection of resistors in series or in parallel
or neither in series nor in parallel, together with compensating
capacitors [1], [8], [9].

In the case under study, the feedback network consists
of a single compensation resistor [see Fig. 3(b)] because,
due to the characteristics of the input signal, there are no
instability problems, and the step output ringing and gain
peaking do not affect the output signal. In Fig. 3(b),
Ry is the feedback resistor, and the photodiode circuit
model is represented by the following elements: photodiode
current generated by the incident light (ip), series resis-
tance (Rg), junction capacitance (C;), and junction shunt
resistance (Rsy).

Fig. 4 shows the schematic that represents in detail what
is shown in Fig. 2. The idea behind Fig. 4 is the one that
supported the photometer circuit proposed in this article and
shown in Fig. 5. The transfer function of the proposed circuit
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is given as follows:
EBCh:

Ip(s) A6CH2(3_ZS3 + 4es2 4 Qs + 1)

(1)

where H (s) = L{h(t)} is the Laplace transform of the impulse
response, i (t), of this system, Ip(s) = L{ip(¢)} is the Laplace
transform of the photodiode current, and F(s) = L{f (1)}
is the Laplace transform of the output frequency. In short,
H(s) (i.e., the transfer function) is the linear mapping of
Ip(s) to F(s). Here, ip(t) and f(¢t) are continuous-time
signals. In addition, the coefficients of the numerator and the
denominator of (1) are given as follows:

Ay = RyRsy + RsRj, + R.Rsg + R:Rs + Ry R, (2)

Ay = CyRsu(RsRy + RsR. + Ry R.) (3)
Az = A,C,LR, 4)
Ay = A{CLLRy + AL 5)
As = AjL + AyRy + CjRsuRs Ry, D1 RyG (6)
Ag = ARy + DiRyGRyRsy + D1 RyGRs R, (7)
By = DiRoGR:(Rsu + Rs + Rp) (8)
Cr1 = Ryl Rsu 9)
Cop = 1+ — 18 (10)
2= Ry + Rsu
Rs5R
D, =20 (11)
RiR,
R4R7 — R5R6)(Rg||R7)R
El=(4z2 5R6)(Rsl| R7)R1o (12)
2R R5(R9l|R10)C1 Vom
R/ R/ R/ iR/ RmoRy
Ry = f1Rf + Ry Rgz + Rpp Rys (13)
Rq R/ R/R/ RmoRy
R = f1Rf + Rf1Rgz + Rpp Rys (14)
Rf3

where G is the open-loop gain of the operational amplifier,
Vowm 1s the maximum peak output voltage swing of the opera-
tional amplifier, and || is the parallel operator. In addition, Ry is
the load resistance seen by the LC, filter and represents the
ability of the circuit to ensure that variations in the load current
do not affect the value of the output voltage of the LC filter.
Furthermore, operational amplifiers were considered to have
high input impedance and low output impedance. Moreover,
the different forms that the impulse response of the system
h(t) could have, for the transfer function given by (1), are
shown in the Appendix.

Finally, the output frequency of the circuit shown in Fig. 5
is given as follows:

t
£@) = (hxip)(t) = /0 Wi - ip(tyde (15)

where the symbol * is the convolution operator and h,ip :
[0, 0] — R.

III. RESULTS: CLASSIC PHOTOMETER CIRCUIT VERSUS
PROPOSED PHOTOMETER CIRCUIT

As in previous research [24]-[26], the silicon photodiode
BPW21 [27] was used in this article with Rg = 1 Q,
Rsy = 100 MQ, and C; = 580 pF for 0 V applied across the
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Fig. 3. Classic photometer circuit. (a) Photodiode amplifier operating in the photovoltaic mode. (b) Circuit implementation of the classic photodiode amplifier

operating in the photovoltaic mode.
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Fig. 4. Specific schematic of the proposed photometer circuit.

BPW21. In [24]-[26], the RS Stock No. 194-004 Modulated
Laser Diode Module (maximum power output = 3 mW and
nominal wavelength = 670 nm) was used to generate the
incident light, and a polarizer was used to generate different
values of incident light power. The experimental sensitivity of
this photodiode at 670 nm was equal to 0.1345 A/W [24]-[26].

In this research, the photometer circuits were implemented
by using the TLO84 operational amplifier [28], and the com-
ponents used in the circuits of Figs. 3(b) and 5 were the
following: Rf = 24.783 kQ, Rf1 = sz = R6 = R7 =
Rio 10 kQ, Ry3 = 100 kQ, Ry = 6 kQ, Rs = 3 kQ,
Rg = R]l =1 kQ, R9 =5 kQ, Cl =10 nF, C2 = 1000 ,uF,
L =10 mH, D is the 1N4148 diode, and Q; and Q, are the
2N7002K MOSFETs. In addition, V; = 2.5 V, and the supply
voltage of the operational amplifiers was £15 V.

A. Impulse Response of the Proposed Photometer Circuit

For the electronic components mentioned above, the stabil-
ity of the system is determined by the value of Ry, which
turned out to be very small, because, in steady state, for a
constant incident light power, the voltage drop at the output
of the LC; filter also remains practically constant. Now, the
closed-loop transfer function (1) can be written as a function
of Ry, and considering the typical value of the open-loop
voltage gain of the TLO84 operational amplifier, which is
G = 125 dB [28], this transfer function is given as follows:

H(s) =

N (16)
K STRy
s+ ( K—f“)s +1

K.
K3+ 32 K
0 2
reml B +

where K| = 1.0522050105 - 102, K, = 2.55793398 - 10°,
K; 2.3104410231 - 10%, K4 2.55793398 - 10°,
Ks = 1.108551500513704 - 10'°, K¢ = 2.3104410231 - 10'!,
K7 1.867195709653826 10, and Kg
9.490938499459141 - 107. For these values, it can be
shown that the closed-loop transfer function (16) is stable for
Ry € (0,4.12 mQ).

Next, the value of R will be found by electronic simulation,
using Proteus 8.11 simulations [29], and taking into account
the voltage drop across the C; capacitor (see Fig. 5). Electronic
circuit simulations are of great importance because they allow
designers to understand the behavior of these circuits and study
their response to different types of input signals [30]-[32]. The
transfer function from the photocurrent (ip(¢)) to the voltage
drop across C» (v, (t)) is given as follows:

Ky Ry Rsn
VCz () _ K7(Rp+Rsu+Rs) 17)
AN

Ip(s)  k K+ 52 Ks+%6
75534— K—7R° s2 4 K—7R° s+1

where R, =210 kQ [see (13)].

At this point, it is important to mention that, to find Ry,
the result of the electronic simulation of the voltage drop
across C, was compared with the results of the MATLAB
simulation (MATLAB 2019b [33]) of (17) for a 403.5-uA
photocurrent step input. This photocurrent value corresponds
to an incident light power equal to 3 mW since the sensitivity
of the photodiode is 0.1345 A/W.

In short, to find Ry, the smallest possible value of the
square of the two-norm of the difference between step-
response characteristics of both types of simulations (||A|[3)
was found. The step-response characteristics of the voltage
drop across C, that was considered are the following: 1) rise
time; 2) transient time; 3) settling time; 4) minimum value
of the voltage drop once the response has risen; 5) maxi-
mum value of the voltage drop once the response has risen;
6) overshoot; 7) undershoot; 8) peak value; and 9) peak time.
The result of this comparison was that the minimum value
of [|A]l3 was |[A[]3, ;. = 0.032115, and it was achieved at
Ro = 90 nQ. Fig. 6 shows the 2-D line plot of the data
in ||A||§ versus the corresponding values in Ry, around the
minimum value (||A]l3, . ). Furthermore, Fig. 7 shows the
curves using MATLAB simulation and Proteus simulation.
The difference between both curves is due to the fact that
one is the result of a linear system [MATLAB simulation
of (17)], and the other is the result of a piecewise linear system

M(s) =
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Fig. 6. 2-D line plot of the data in ||A||§ versus the corresponding values
in R().

(Proteus simulation of the circuit shown in Fig. 5), which
includes nonlinear devices, such as voltage comparators.

Taking into account the results shown above, it can be said
that the impulse response of the proposed photometer circuit
has the form of (29) and is given as follows:

h(t) =9.5-10° - [7.7 T\ R R 7

<> 95.1070. 7010 L 95,1070 772 f] cu()
(18)

where u(t) is the unit step function.

B. Simulation Results

The response of the photometer circuits is shown in Table I.
The frequency values shown in Table I were obtained from
the Fourier transform of the output pulse train of the circuit.
In addition, for the classic photometer circuit, the linear fit
of data is shown in Fig. 8. Furthermore, the linear fit of
data for the proposed photometer circuit is shown in Fig. 9.

Voltage drop across C2 for a 403.5u:.A photocurrent step input
g : - . -

8t

Matlab simulation
Proteus simulation

[+2]

ve (9

&2

w

0 0.2 0.4 0.6 0.8 1
Time (s)

Fig. 7. Voltage drop across C, for ip (1) = 403.5u(t) uA, where u(t) is the
unit step function.

These figures show that both circuits are linear. This is
confirmed by the value of the linear correlation coefficient (p)
between the input and output variables of the curves shown
in Figs. 8 and 9. In this case, p can be used as a measure of
the linear association that exists between the input and output
variables [34]. For the classic circuit, p = p.. = 1; for the
proposed circuit, p = p,c = 0.999782.

As expected, the performance of the classic circuit is more
linear than the one of the proposed circuits because, in the
second case, the circuit was designed by connecting both linear
and nonlinear stages. Anyway, it is worth mentioning that a
linear regression line would explain approximately 100% (p2.)
of the total variation of the output voltage of the classic circuit
and approximately 99.9563% (/)Sc) of the total variation of the
output frequency of the proposed circuit [34].

At this point, it is important to mention that the pho-
tocurrent values that were used to make the comparison
between the performance of the photometer circuits, through
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TABLE I

RESPONSE OF THE PHOTOMETER CIRCUITS (PROTEUS 8.11 SIMULATION):
CVC—PHOTOMETER CIRCUIT BASED ON THE CVC (CLASSIC PHO-
TOMETER CIRCUIT) AND CFC—PHOTOMETER CIRCUIT BASED ON
THE CFC (PROPOSED PHOTOMETER CIRCUIT)

Incident light CvC CFC
power (uW) Output voltage (V) | Output frequency (Hz)
24.09 0.08 19.31
85.51 0.28 101.33
292.68 0.97 374.76
620.62 2.06 784.48
1029.77 3.43 1302.25
1470.78 4.90 1853.74
1890.47 6.30 2377.58
2238.20 7.46 2724.30
2472.05 8.24 3125.05
2563.80 8.54 3185.32
3000.00 10.00 3731.12

Linear Fit of Data with 95% Prediction Interval: CFC
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Fig. 9. Proposed photometer circuit (Proteus 8.11 simulation). Photometer
circuit based on the CFC: Original data, linear fit, and 95% prediction interval.

Proteus simulations, were chosen taking into account the value
of the experimental sensitivity of the BPW21 photodiode
(0.1345 A/W) [24]-[26] and the maximum power of the
incident light (see Table I).

Finally, although this research is not aimed at carrying out
reliability studies of electronic circuits, it could be interesting
to have a preliminary idea, at least at the simulation level,
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Classic photometer circuit (Proteus 8.11 simulation). Photometer circuit based on the CVC: original data, linear fit, and 95% prediction interval.

on how both photometer circuits behave when the ambient
temperature (74 ), for example, is not 74 = 25 °C. To this end,
and to be able to compare the response of both photometers,
the relative temperature coefficient of the output of the circuits
given by (19) was devised
1 diff(d)
T @, diff(T)
where 7 is a vector containing m increasingly distributed
temperature values, ® is a vector of length m whose ith
element [i.e., @(i)] is the value of the response of the circuit
for the ith value of ambient temperature considered, ®,s =
D25 °C), diff(d()) = D@E) — ©GE — 1), diff(T(@)) =
T(@)— TG — 1), and ar is a vector of length m — 1 whose
ith element is at; = (1/®(25 °C)) - (diff(D (7)) /diff(T (7))).
Fig. 10 shows a plot of ar versus T of both photometer
circuits for an incident light power equal to 24.09 uW and
T =[0°C, 5°C, 10°C, ..., 50-°C].

As expected, Fig. 10 shows that the value of a7 for the
classic circuit is smaller than the one of ar for the proposed
circuit. This is because the design of the proposed circuit
is much more complex than that of the classic circuit and,
therefore, requires as much a greater variety of components
as a greater number of components for the implementation of
the circuit. This way, what has been said above could explain
the reason why the response of the proposed circuit is more
affected by temperature variations than the response of the
classic circuit.

Finally, it is important to mention that, in Fig. 10, the
value of ar for the classic circuit (¢$¥C) was multiplied by
100 in order to be able to compare it with the value of ar
for the proposed circuit (¢$"C) using the same 2-D line plot.
In view of the results, it can be said that the rejection of both
circuits to temperature variations in the interval [0 °C, 50 °C]
is satisfactory. Moreover, it is worth noting that, for the chosen
analysis interval, the worst case of the relative temperature

coefficient of the proposed circuit is a£f¢ =1 %/°C.

19)

C. Experimental Results

In order to carry out the laboratory tests, the practical
assembly of the circuits was carried out both on a printed
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Fig. 11.  PCB design of the circuits by using EAGLE. Both circuits were
designed on the same PCB.

Fig. 12.  Assembly of the circuits. The classic circuit is at the top, and the
proposed one is at the bottom.

circuit board (PCB). It is important to mention that these
circuits were assembled, in the laboratory, with the same
components mentioned above. Fig. 11 shows the PCB, which
was designed by using Eagle software [35]. In addition, the
components were assembled using solder paste and oven. The
assembly of the circuits is shown in Fig. 12.
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Fig. 13.  Tunnel built to carry out measurements.

Fig. 14. Workbench: photometer circuits, optical table, measurement equip-
ment, tunnel, and so on.

Unlike the research carried out by the authors previ-
ously [24]-[26], in this research, the incident light power
was generated by using the NewEnergy High Power
LED XQEEPR-00-0000-000000A01-SBO1 [36]. In addition,
in order to carry out the measurements, the tunnel shown in
Fig. 13 was built. Furthermore, Fig. 14 shows the workbench
used in this research: optical table, circuits, power LED, power
supplies, measurement equipment, and the tunnel. To perform
the measurements, both the LED and the photometer circuits
were put inside the tunnel. The experimental results are shown
in Table II. The output voltage of the classic photometer
circuit was measured by using the Agilent 34410A 6 1/2 digit
high-performance digital multimeter, and the output frequency
of the proposed photometer circuit was measured by using
the Agilent Technologies InfiniiVision DSO-X 3024 A Digital
Oscilloscope. In addition, with the aim of providing measure-
ment accuracy [37] information at least for the main results,
the standard error of measurement (SEM) [38] of the classic
photometer circuit and the SEM of the proposed photometer
circuit are shown in Table II.

As was done in Section III-B, the linear association that
exists between the input and output variables was found.
From the results shown in Table II, it can be shown that the
experimental value of pec is pec = 0.999971, and the exper-
imental value of py. is ppc = 0.999766. Therefore, a linear
regression line would explain approximately 99.9941% (pZ.)
of the total variation of the output voltage of the classic circuit
and approximately 99.9533% (pgc) of the total variation of
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TABLE II

EXPERIMENTAL RESULTS: CVC—PHOTOMETER CIRCUIT BASED ON
THE CVC (CLASSIC PHOTOMETER CIRCUIT); SEMcyc—STANDARD
ERROR OF MEASUREMENT OF THE CVC; CFC—PHOTOMETER
CIRCUIT BASED ON THE CFC (PROPOSED PHOTOMETER
CIRCUIT); AND SEMcpc—STANDARD ERROR OF
MEASUREMENT OF THE CFC

2001011

TABLE III

EXPERIMENTAL RESULTS WITH THE INPUT SIGNAL CONTAMINATED
BY AN AWGN SIGNAL OF AMPLITUDE 100 MV, CONNECTED TO
THE CATHODE OF THE PHOTODIODE THROUGH A 50-Q SERIES
RESISTOR: CVC—PHOTOMETER CIRCUIT BASED ON THE CVC
(CLASSIC PHOTOMETER CIRCUIT) AND
CFC—PHOTOMETER CIRCUIT BASED ON THE CFC
(PROPOSED PHOTOMETER CIRCUIT)

Incident CvC CFC

light Incident light CVC CFC

power Output SEMcvc Output SEMcEc

(uW) voltage V) frequency (Hz) power (uW) Output voltage (V) | Output frequency (Hz)

V) (Hz) 24.09 0.36 48.45

24.09 0.1 0.2-102 18.02 36.17 - 102 85.51 0.59 134

8551 0.29 0.42- 102 100.44 | 154.73 - 102 292.68 1.25 398

292.68 0.95 0.18 - 101 369.5 386.8 - 102 620.62 2.32 819

620.62 2.1 3.6-10 2 783 537102 1029.77 3.64 1329

1029.77 346 | 3.04.10°2 1307 1041 -10- % 1470.78 5.06 1881

1470.78 192 | 2.88.10°2 1854 1674-10 3 390-‘2‘7 3-42 ?97

189047 || 6.33 | 2.78-10 2 2381 1617 - 103 24%02 8-35 31i§

2238.20 7.44 9.34-102 2726 7044 -1073 2563'80 8'62 3501

2472.05 8.23 7.38-10~2 3131 2309 - 103 3000.00 012 3746

2563.80 8.5 4.0-10~2 3189 1039 - 103 g :

3000.00 10.04 | 19.91-10°3 3731 2517 -10~3

10

the output frequency of the proposed circuit. This shows that 3
the experimental results are in agreement with the simulation 100 1ok
results. S h

Finally, in order to be able to compare the noise rejec- Q *,
tion ability of both circuits, the relative proximity coefficient 5 i % \‘_
(Rprox) Was defined as follows. et O 'G\ e

Definition: Given a photocurrent value determined by the Bodl T .

. . . . . ~ -
power of the incident light on the photodiode, the relative 5 O---Q, "% -y .
. . . . . 10° 2. 5T o *
proximity coefficient is given by o.
O C--9
R V-9 (20)
prox — 19 10_3
20 500 1000 1500 2000 2500 3000

where |.| is the absolute vale operator, ¢ € R is the value of the
output signal when the input photocurrent is not contaminated
with noise, and ¢ € R is the value of the output signal when
the input photocurrent is contaminated with additive white
Gaussian noise (AWGN).

Remark: For a well-designed circuit, it is always true that
Rprox — 0. Therefore, the lower Rpox, the higher the noise
rejection ability of the circuit.

The way that was devised to measure the noise rejec-
tion ability of both circuits consisted of generating an
AWGN signal of amplitude 100 mVp,, using the Agilent
33120A 15-MHz function/arbitrary waveform generator, and
connecting a 50-Q resistor in series between the generator
output and photodiode cathode. Then, the value of the power
of the incident light on the photodiode was increased, and
the output values of both circuits were recorded. Table III
shows the experimental results of the noise rejection ability
test, and the value of the relative proximity coefficient for each
circuit is shown in Fig. 15. The relative proximity coefficient
was obtained by using (20) and the information given in
Tables II and III.

D. Comparison Between Theoretical and Experimental
Results

The transfer function of the classic circuit shown in Fig. 3(b)
is given by (21), the impulse response has the form of (22)

Incident light power (W)

Fig. 15. Relative proximity coefficient (Rprox) versus incident light power.
The response of the classic photometer circuit (CVC) is shown in blue dashed
line, Rprox = Rgr}fxc, where R$YC is the value of Rprox for the classic circuit,
and the response of the proposed photometer circuit (CFC) is shown in red
dashed line and Rprox = REFC where RCFC s the value of Rprox for the

7 ) prox > prox
proposed circuit.

and is given by (25), and the output voltage of this circuit is
given by (26)

_ V()(S) _ T
Hels) = 775 = 75 1)
hee(t) = Ye Pu(r) (22)

where H.(s) = L{hc(t)} is the Laplace transform of the
impulse response, he.(f), of the classic circuit, Ip(s) =
L{ip(t)} is the Laplace transform of the photodiode cur-
rent, and Vy(s) = L{vg(r)} is the Laplace transform of the
output voltage. In short, Hc(s) is the linear mapping of
Ip(s) to Vi(s). Here, ip(t) and vo(¢) are continuous-time
signals. In addition, the coefficients of the numerator and the
denominator of (21) are given as follows:
Ry

T = 23
T, Rs (23)
1

~ Cy(RslIRsn)’

B (24)
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TABLE IV

OUTPUT VALUES OF THE CLASSIC CIRCUIT: THEORETICAL RESULTS
BASED ON (26) MULTIPLIED BY THE SENSITIVITY OF
THE PHOTODIODE

Incident light Output
power (uW) voltage (V)
24.09 0.08
85.51 0.29
292.68 0.98
620.62 2.07
1029.77 343
1470.78 4.90
1890.47 6.30
2238.20 7.46
2472.05 8.24
2563.80 8.55
3000.00 10.00
TABLE V

OUTPUT VALUES OF THE PROPOSED CIRCUIT: THEORETICAL RESULTS
BASED ON (15) MULTIPLIED BY THE SENSITIVITY OF
THE PHOTODIODE

Incident light Output
power (uW) frequency (Hz)
24.09 30.82
85.51 109.39
292.68 374.40
620.62 793.90
1029.77 1317.29
1470.78 1881.44
1890.47 2418.31
2238.20 2863.13
2472.05 3162.27
2563.80 3279.64
3000.00 3837.76

Therefore,

hee(t) = 4.273 - 108 . 71724100 () (25)

and
00(1) = (hee # ip) (1) = /0 heelt — D)ip(r)dr.  (6)

The theoretical results of the classic photometer circuit are
shown in Table IV, and the theoretical results of the proposed
photometer circuit are shown in Table V. To obtain these
results, all the equations that have been shown in this article,
which leads to giving numerical values to (15) and (26), have
been used.

Taking into account the information provided in
Tables II, IV, and V, when comparing the theoretical
output values with the experimental ones, it is obtained
that the linear correlation coefficient between the theoretical
output and the experimental output of the classic circuit
is pleoe _ ().999967. Similarly, it is also obtained that
the linear correlation coefficient between the theoretical
output and the experimental output of the proposed circuit
is pgleo_e’(p = 0.999766. Therefore, the mathematical models

exp? -
explain 99.9933% (pn® *P") of the variability of the
experimental data in the case of the classic circuit and

—€X] 2 . .1 .
99.9532% (pgleo “P7) of the variability of the data in the
case of the proposed circuit.
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The above shows that both models serve to predict the
experimental data with a very strong degree of fit. In the case
of the classic circuit, this result was to be expected because
it is a simple, well-known circuit. However, it is important to
highlight that, in the case of the proposed circuit, this result
had to be proved because it is a novel photometer circuit.

IV. DISCUSSION

In the electronic configuration shown in Fig. 3(b), the
linearity of the photodiode is maximized. However, when
the input signal is corrupted by random-noise signals, for
example, by a white-noise signal, the output of the circuit is
greatly affected by this unwanted input information. It is well
known that, in laboratory experiments, where all conditions are
under control, it is very rare for the development engineer to
face extreme situations. Nevertheless, in real-life applications,
where the behavior of nature cannot be controlled, the designer
has to take into account that the designed electronic circuit has
to be able to reject disturbances. In other words, the circuit
has to be robust against unwanted input signals.

The aforementioned served as a starting point to try to
improve the rejection of AWGN input disturbances that cor-
rupt the performance of the photovoltaic mode photodiode
amplifier.

In this research, a coefficient (called the relative proximity
coefficient) was created whose value served to quantify how
far the response of the photometer circuit is from the response
that this circuit would have if the input was not corrupted
by noise. Therefore, to test the noise rejection of both the
classic photometer circuit and the proposed photometer circuit,
an AWGN signal was generated by using the Agilent 33120A
15-MHz function/arbitrary waveform generator, and this signal
was used to contaminate the photocurrent of the BPW2I1 in
both circuits. Fig. 15 showed that the noise rejection ability
of the proposed circuit was better than the one of the classic
circuit.

This result was to be expected because the classic pho-
tometer circuit is utterly linear. Specifically, the output of this
circuit is the superposition of the individual contribution of
each of the input signals, and this contribution is given by
the convolution between the impulse response of the linear
system (i.e., the classic photometer circuit) and each of the
input signals [39]. Therefore, in this research, it was decided to
solve the problem raised by creating a piecewise linear circuit
that, taking advantage of the feedback, would ensure that the
relationship between the input and output signals of this new
circuit was linear. This circuit was shown in Fig. 5.

Fortunately, the value of the relative proximity coefficient
clearly proved that the proposed electronic design successfully
rejected the contribution of input disturbances. The results
shown in Fig. 15 are in full agreement with the remark made
at the end of Section III-C.

Another test that was carried out on both circuits, at the elec-
tronic simulation level, was the verification of the behavior of
both against variations in the ambient temperature. The result
of this test showed that the simpler circuit (i.e., the classic one)
was less affected by variations in ambient temperature than the
more complex circuit (i.e., the proposed one). However, it is
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worth noting that the response of both circuits tends to be very
little affected by variations in ambient temperature, this being
a satisfactory result.

The reality is that the implementation of the proposed circuit
is more complex than that of the classic circuit. However, the
proposed circuit is also easy to implement and can be put into
practice using inexpensive electronic components. Therefore,
in the opinion of the authors of this article, in applications
where measurement precision and noise rejection are primor-
dial needs, it is worth using the proposed photometer circuit
or some variant of it.

Finally, to verify that the mathematical model proposed for
each circuit was able of explaining the variability of the data,
the theoretical results were compared against the experimental
results. This comparison showed that both proposed models
serve to predict the experimental data with a very strong
degree of fit. At this point, it is worth mentioning that the
mathematical model of the classic circuit is simple and very
well known. However, in this sense, the contribution of this
article is that a mathematical model for the proposed novel
circuit has been presented.

V. CONCLUSION

In this article, the design of a piecewise linear photometer
circuit that takes advantage of feedback to ensure that its
output response is linear has been presented. This circuit was
shown to have a greater rejection to input AWGN signals
than the classic photometer circuit based on a transimpedance
amplifier that was used to make the comparison. Furthermore,
the linearity of the proposed circuit is only slightly lower than
that of the classic circuit, the cost of implementing this circuit
is not high, and its assembly is simple.

The aforementioned leads to establishing a tradeoff between
greater complexity but greater noise rejection and greater
simplicity but lower noise rejection. As the real-life applica-
tions of sensing devices are not in places where development
and innovation engineers can control the behavior of all
the environment variables, it is recommended to take into
account this type of electronic circuit design that sacrifices
a little complexity to gain great benefits in terms of noise and
disturbance rejection.

This research paves the way for others in which piecewise
linear circuits can make the most of feedback to perform better
than the utterly linear ones in real-life applications.

APPENDIX
INVERSE LAPLACE TRANSFORM OF H (s)

Let the transfer function of a linear time-invariant system
be given by (27), with A,B,C,D € R, A # 0, and
B # 0. Then, as a consequence of the fundamental theorem of
algebra [40], [41], the denominator of H (s) has three roots,
which could be either: 1) three real roots or 2) one real root
and two complex conjugate roots. Moreover, the real roots can
be repeated

A

Bs3+Cs2+Ds+1°
In what follows, the method of the Heaviside formulas will

be used to perform the partial fraction decomposition [42]
of (27).

H(s) = Q7
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A. All the Roots of the Denominator Are Different and of
Multiplicity One

Let us assume that the roots of
Bs®+ Cs*> 4+ Ds + 1

are a1, a2, a3 € R and a; # as # a3. Then,
A

H(s) =
) (s —a)(s —a2)(s —a3)
ay ap as
H(s) = + + (28)
s — o S — 0y §— 03
where
lim (s — o) H s) 2
m(s —a s) = =a
s—a ! (0!1 — az)((ll - 0(3) :
A
lim (s — ax)H(s) = =a
s—)az( 2) ( ) (OCQ — 0(1)(062 — 0(3) ’
A

lim (s — a3)H(s) = as.
s—>03

(a3 — o)az — 0a)

Therefore,

h(t) = L™{H ()}(1)

o (2) e (2) e (2)]
s — o S — oy §—as3

h(t) = A[ale“" + ae™ + a3e“3’] (29)

where £7! denotes the inverse Laplace transform.

1) All Roots of the Denominator Are Real and One Is
Repeated Twice: Let us assume that the roots of

Bs’+ Cs?>+ Ds + 1

are o, az, a3 € R and a; # ar = as3. Then,
A

(s —an(s — a)?
ay as as

(s — 0(2)2

H(s) =

H(s) = (30)

S — o S — 02

where the following holds.
D) limgq, (s —a)H(s) = A/(01 — a2)* = ar.
2) limyq,(s — 02)*H(s) = A/(02 — a1) = a3.
3) By multiplying (29) by (s — a2)?, it is obtained that
A ai(s — 0(2)2

= + ax(s — az) + as.
S — o

S — o

Therefore, finding the derivative of both sides of the
previous equation, it is obtained that

—A 2a1(s —ay)(s —oa2) —a(s — 0(2)2
2 = 2 T a

(s —a) (s —a1)

and
. —A —A
lim 5 = 5
s=a (s —ap) (a2 —a1)

. 2a1(s—a1)(s—a2)—a1(s—a2)2

lim +ar=as.

S0 (s —al)z

As a result of the above, it can be seen that a, =
—A/(az — o).



2001011

Finally,

h(r):A[ﬁl( a )+z:1( = )+£1(7"3 2)}
s—o s —an (s—az)

h(t) = A[ale"" + ae™ + a3te"2’]. 31)

2) All Roots of the Denominator Are Real and Equal: Let
us assume that the roots of

Bs® + Cs> + Ds + 1

are ay, @y, a3 € R and a; = a, = a3. Then,

Hs) = —2— (32)
V= (s — a1)3
and
_ —1 A ) _ a]tﬁ
h(ty=L (7(3 - a1)3 = Ae X (33)

3) Denominator Has Complex Conjugate Roots: Let us
assume that the roots of

Bs®+ Cs*> 4+ Ds + 1

are a; and ap £+ jB,, where aj, a2, € R, f # 0, and
Jj =+/—1. Then,

H(s) =

A
(s —a)[(s — a2)” + 3]
a a(s — az) +az
(s —a2)” + B3

H(s) = (34)

S — o
where the following holds.
D) limgq, (s —anH(s) = A/((a1 — 02)* + 3) = .
2) By multiplying (34) by (s — @2)> + 3 and substituting
s = ap + jp, it is obtained that

ﬁ = a2+ jhr—a2) + a3

Oy — 0y —

(az - 0:)2 -i]-ﬂﬁzzz = Izt s
Therefore,
_ —A
N
s — Aoy —ay) .
(02 —a1)* + 3
Finally,

_ B -1 ap —1 M
h(t)_A_E (s_al)JFﬁ ((s_a2)2+ﬁ§)}

—1 as
+A[£ ((s—a2>2+/3§)}

woy = A e sin (o)

P

are™’ +are™" cos (Bat)+a3

}. (35)
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