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Abstract.

To design Visible Light Communication (VLC) system, there are several requirements that need to be met.
One of the requirements is an active component selection (e.g. Op-Amp). As an ideal communication
system, the VLC system has to be able to provide wide bandwidth access with minimum noise. The
Transimpedance amplifiers (TIAs) is one of the main components in the optical system which is placed in
the first stage of the receiver system. It is used to convert the current output from photodiode to voltage.
We have designed a 1 MHz fGBW TIA with low noise (in uVrms range). This paper aims to explain the
design and implementation of TIA circuit with photovoltaic topology which covers empirical calculations
and simulation of TIA’s bandwidth and its noise sources, i.e. resistor feedback noise, current noise, voltage
noise and total noise based on RSS. The OP-AMP is chosen from Texas Instruments product, OPA380,
and the photodiode is chosen from OSRAM, SFH213, then simulated by TINA-TI SPICE® software. The
noise in TIA circuit is analyzed clearly. The developer kit is ready to be implemented in VLC system.
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1. INTRODUCTION

Visible Light Communication (VLC) is an alternative communication technology which
has high potential to be implemented en masse in the future, because it can offer several
advantages such as license free, wide bandwidth, low cost because its component device
already commercially available (e.g. LED lamp), harmless for human eyes as long as its follow
the standards and free from electromagnetic interference. VLC technology commercialization
already begins from 2015. Several companies/institutions that developing VLC technology are
Nakagawa Laboratories (Japan) [1], Disney research (Switzerland) [2], pureLifi Ltd (UK) [3],
IMDEA Network Institute (Spain) [4], and much more. Besides that, many universities also
provide laboratory access for VLC technology research, for example: Institut Teknologi Bandung
(Indonesia) with research [5-17], Pukyong National University (South Korea) with research [18-
19], Edinburgh University (UK) with research [20-21], National University of Singapore
(Singapore) collaboration with Nanjing University (China) with research [22], Chulalongkorn
University, Thailand [23], Kookmin University (South Korea) with KUET (Bangladesh) [24], etc.

VLC application for indoor environment, such as laboratories, offices, closed public
places, homes, hospital and convention center, needs to be able to provide wide bandwidth to
be accessed by multiuser. Visible light, theoretically has a large bandwidth (more than radio
frequency, infra-red and laser communication), but the bottleneck is the limited bandwidth of the
main component device, that is LED as a transmitter device and photodiode as a receiver
device. Commercially available LED and photodiode which has large bandwidth are very
expensive. The solution of this problem is by implementing modulation scheme which can
optimize component limitation to obtain high-speed data transfer [25], besides that, equalization
[26], MIMO scheme, and other techniques are also implemented. On the other side, LED is also
a non-linear device which can affect performances of multi-carrier modulation such as OFDM.

Other than “bandwidth” and “non-linearity effect”, another serious problem in VLC which
can reduce its performance is “noise” from external and internal [27] source. The external noise
caused by ambient light, such as from incandescent, fluorescent, flashlight and sunlight. The
external light source with high intensity can cause the LED transmitted signal wrongly
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recognized by the photodiode because it is hard to be distinguished [28]. For the internal noise
source, it is caused by the components which is known as Johnson noise, flicker noise and shot
noise. Both of these noise sources can really disturb the data transfer if not minimized

The target of this research is to design the TIA circuit for VLC platform. Thus, the
received signal in the receiver can be processed with low error and correctly. In the previous
research, noise on the trans-impedance amplifier (TIA) domain has already been explained [29]
but the explanation is only limited on the analytical calculus based on the article [30]. In this
paper, the noise profile of the same domain (i.e. TIA) will be discussed but the discussion will
also encompass the current noise, voltage noise, feedback resistor noise and the accumulation
of the total noise using TINA™ simulator. This software is an open-source simulator which is
provided by the Texas Instrument that provides tools to simulate the noise profile of the TIA
circuit. Optical illustration of the link structure based VLC based on [30] is shown in Figure 1,
where there is three internal noise source which exists on the TIA circuit.
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Figure 1. Analog Front-End Receiver in VLC Link based TIA

This paper is dedicated to discussing the noise of the discrete component based TIA
circuit which uses one photodiode and one Op-Amp IC. The explanation approach is done by
using the mathematical calculation and tools based simulation. This paper is divided into four
main parts. The first part, discuss the background, which covers the explanation of the VLC
technology, research development and several problems of the VLC system. The second part,
cover the methodology of this research which also encompasses the component selection. The
third part contains mathematical calculation and simulation results and analysis of the
experiments. And the last part contains the conclusions, acknowledgments and references of
this paper.

2. RESEARCH METHOD

The procedure of this research is, 1) equivalent modelling of the TIA circuit which
shown in Figure 2, in this research we use photovoltaic mode topology of TIA which is a general
topology for precision instrument application and generate low dark noise; Then 2) component
selection for simulation, which is Op-Amp IC and photodiode as shown in Table 3 and 4; After
that 3) listing the parameter characteristic of the circuit: voltage noise density (ey), current noise
density (in), capacitor input (Ci,) and capacitor junction (Cj); 4) calculates Op-Amp capabilities;
5) calculates feedback resistor (Ry); 6) calculates feedback capacitor (Cy) and TIA noise; 7) plot
the calculation results using Kaleida V4.0 and 8) simulate using TINA, this software is really
helpful in analyzing the circuit, it is easy to use and opened source from the Texas Instruments.
It contains the library for many component selections of the Op-Amp types which ready to be
used.

The OPA380 is an IC for TIA to be used for precision and high-speed application. It has
low bias current (maximum of 50pA), wide bandwidth (around 90 MHz), so it is suitable to be
used in the high-speed VLC application. The application of this IC model, in general, is for I/V
conversion and photodiode monitoring. It has characteristics of low i, (10 fA/NHz) and low C;,
(1.1 pF) also low e, (5.8 nV/\NHz). For the photodiode, we choose SFH213 from OSRAM Opto
semiconductors, which is a Si PIN photodiode. Its typical application is for high-speed photo
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interrupters. Its main capability is its fast switching time (5ns) and high short circuit current (lsc),
i.e. 125pA.

Table 1. The main characteristics of the IC Op Amp OPA 380 from Texas Instrument

Model Open loop voltage noise current noise Input bias Unity gain ca g]c’?;gnce
gain (dB) density (nV/YHz)  density (fA/YHz)  current (pA)  bandwidth (MHz) p(pF)
OPA 380 110 5.8 10 3 90 1.1

Table 2. The main characteristics of the Photodiode SFH213 from OSRAM Opto semiconductor

Model Cj Photosensitive area  Short circuit current Rise time Dark current Noise equivalent
(PF) (mm) (LA (1s) (nA) Power (NEP)
SFH213 11 1x1 125 0.005 1 0.028 pW/VHz

3. RESULTS AND ANALYSIS
3.1. Op-Amp capabilities calculation

In this case, the photodiode was modeled as light sensor in which the current source is
in paralel with a capacitor junction (C;). Based on ac signal analysis, the current source was
open (ignored). So, C; and Rs is in series combination. The value of C; is given from the
photodiode’s datashet = 11pF, however the resistance is not shown. Therefore, we assume R =
100KQ. The model of photodiode’s output impedance is using Equation 1 where the calculation
results is converted from rectangular to polar.

1 1
Zeq :ZRS+ZCj :RS+57(:j:RS +jTC:j
Zeq :l+ J-(D Cj RS (1)
JoC;

Then the output impedance of the photodiode’s model at the low frequency such as 1
kHz is calculated as:

_1+joC Ry 1+ j2n*(1*10°Hz) (11*102F) (10*10°Q)

- - - - — ——— =0.14469 MQ £ —89.604°
joC; j2n*(1*10%Hz) (11*107*%F) (10*10° Q)

Then at the high frequency such as at 10 MHz, the impedance of photodiode is calculated as:

_1+joCj Ry 1+j2rn*(10*10°Hz)(11*10*F) (10*10°Q)

: _ . = ——~ —100Q / - 0.829°
joC, j2n*(10*10°Hz) (11*10 *2F) (10*10°Q)

€q

Based on the calculation results, it can be seen that the higher the frequency, the
impedance will fall. Based on [31], “at high frequency, the capacitor behaves as a short circuit
and all the current will go through this path instead of the resistor path, creating a virtual short
circuit, thus the impedance becomes much lower at high frequency”.

In this case, the Op-Amp is modeled as a current source in parallel combination with a
capacitor (C;,) as well as a resistor (Ri,). The OPA380 has a very high input impedance of
10.000 GQ/3 pF. The model of Op-Amp output impedance is using Eq. 2 where the calculation
results are converted from rectangular to polar.

1 1 1 1 1 1+ joC; R
+7

Zeq ZR Z RS i RS
sC.

]

Z =5 )
1+ joC; Ry

s Cj
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Then the output impedance of the Op-Amp model at the low frequency such as 1 kHz is
calculated as:

R, _ (1*10°Q)

Z =— S . — —— —53GQ £/ —89.999°
1+joC,Ry  1+])2r*(1*10°Hz)(3*102F) (1*10°Q)

Then at the high frequency such as at 10 MHz, the impedance is calculated as:

Ry (10*10%Q2)

Z,=— S | - ——— =53KQ /-89.999°
1+joC,Ry 1+])2n*(10*10°Hz)(3*10 2F) (10*10°Q)

To obtain the input voltage of the TIA circuit, in this case, the current source substituted
as a voltage source. Based on Figure 2, it can be known that input voltage on the (-) pin of Op-
Amp can be modeled as voltage division of R, and Rs, and can be expressed as Vs = Vi, * (Ri/
(Rin+ Rs)). Then, the total impedance of the TIA circuit, if we ignore the capacitance component,

Z,
is = ﬁ By using this equation, the input impedance of the SFH213 and the OPA380 can
_|_
be calculated with taken magnitude component only. At the low frequency (10 kHz), the
impedance is,

* 9
Z, _ 4100 0o,
Z +Z. 0.14469*10°Q+53*10° O

At the high frequency (10 MHz),

* 3
Z, _ 5300 0,
Z +Z. 100Q+53*10°Q

The difference between both of the above calculation is around 0.01, relative small than
in the frequency range of 10 kHz to 10 MHz. This shows that, at low and high frequencies, the
input impedance of the OPA380 is much higher than the impedance of the photodiode. Using
this mathematical model, the TIA circuit can be used to convert a high impedance signal to a
low impedance signal.
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Figure 2. The equivalent circuit of TIA
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3.2. Resistor Feedback, Capacitor Feedback and Bandwidth calculation

The photodiode as receiver component in VLC system, receiving information signal that
is transmitted from LED which linear with illumination level, the higher the illumination level the
generated current in the photodiode will become higher. This current then converted into the
voltage by the TIA circuit. To put it simply, TIA circuit can be made from discrete components
with one Op-Amp and two passive components (resistor and capacitor). The Resistor is used to
determine the gain and capacitor is used to reduce the noise. According to Table 2, photodiode
will generate current of 125uA, and TIA output voltage target is 1 Vpc. Referencing from Eq. 4,
the chosen R; value is 8 kQ. Then the calculation of C; (with 45° of phase margin) is shown in
Eg. 5, where Cj, is Op-Amp input capacitance in Farad (see value in Table 1) and C; is
photodiode’s shunt capacitance in Farad (see value in Table 2). The desired bandwidth (gain-
bandwidth product or GBW) is 1 MHz. Afterward, the cut-off frequency (f.3qp) from the TIA circuit
can be obtained using Eq. 6.

V, target _ 1v —8KO (4)
I 125pA
*available = 8.2 kQ

C,+C, ()
2n*R; *f g
|_HPFLIpE 455 0p
2n*8K*1MHz

*available = 15 pF or 22 pF

f
- GBW 6
i \/ 2R *(C, +C) ®)

R; =

C; =
C =

fap= 1MHz =1.28 MHz
2n*8k *(L1pF+11pF)

3.3. Noise Calculation

In this paper, we analyze the noise in TIA circuit based on the root mean square (RMS)
from the three noise sources, i.e. current noise, voltage noise and R; noise. Calculation
Equivalent of noise bandwidth (ENBW) can be done using Eqg. 7.

ENBW =T, *g )

ENBW =1.28 M Hz*g —2.01MHz

After the ENBW is known, the next step is calculating the R; noise of the TIA circuit
which can be done using Eq. 8. Where T is the temperature with 283 Kelvin and k is the
Boltzmann constant which is 1.38 x 107,

N, =+/4KT*ENBW*Rf ®)

2
Ny = \/4*(1.38*10'23 mz—:ZgJ*zgswz.om Hz*8KQ =16.28 yVrms
S
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Then the current noise will appear on the Op-Amp’s output after going through the Ry, it
can be calculated using Eq. 9 where the |, variable is the current noise density. The voltage
noise calculation is based on Eq. 10,

Ncun'ent :In*Rf *VENBW (9)
fA
N, o =10—— *8K *~/2.01MHz = 0.11 pVims
t /_HZ n
C.+C. +C T C
N —e in j fols Lx f *f 10
Voltage n( Cf ] 2 [Cin + Cj + Cf J GBW ( )
Ny, =5.8- [ 270PF |, [T, [1552PF s 61 Mtz = 9,69 pviems
voltege JHz \15.52pF) \ 2 | 27.6pF

Then, the total noise (Ny) of TIA can be calculated using Eqg. 11 which is a root-sum-
square (RSS). Then the result of that calculation is the total noise value of the circuit is 0.19
pVrms on target fegw of 1 MHz.

NTotaI = \/NZRf + NZ + N2

current voltage

(11)

N, =/ (16.28 zMrms)? + (0.11 zMrms)? + (9.69 Vrms)? = 0.19 zMrms

The plot of the fggw from 1 MHz to 10 MHz is shown in Figure 3. The plot shows that the
noise value is linear with the fggy.

Total Noise (Vrms) at IC OPA 380
0.0005 . I
—=—-0OPA380
0.0004
m
E
2. 0.0003
@
]
o
= 0.0002
g
= 0.0001
] s s —~ P s o e rd
o( =
2 4 6 8 10
fGBW Target (MHz)

Figure 3. Total noise (LVrms) vs fggw (MHZz) of Op-Amp OPA380 with C; = 11 pF, C;= 15.52 pF
& R = 8 kQ based on mathematical calculation

This experiment use component C; and R; with value as calculated before, i.e 15.52 pF
and 8 kQ, but the commercially available component for capacitor and resistor with the nearest
value is 15 pF for the C; and 8.2 kQ for R;. Table 2 contains the comparison of the ideal
component with value as calculation and commercially available component, with double-digit
precision after the decimal point. This comparison shows the difference between case | and
case Il is insignificant, so further analysis can be done using ideal value.
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Table 2. Comparison of ideal component and commercially available component,
GBW =1 MHz & C; =11 pF

_ Ctot f-3db ENBW Noise Noise Noise Noise tqtal N_0|se tc_)tal
Variable (©F) (MHz) (MH?) Rf current voltage calculation simulation
P (uVrms) (uVrms) (UVrms) (UVrms) (LVrms)
Rf=8kQ, Cf =
15.52 pE (ideal) 27.61 1.28 2.01 16.28 0.11 9.69 18.94 10.28
RI=82KQ,CI= 5710 127 1.99 16.38 0.11 9.7 19.07 10.42
15 pF (case I)
Rf =8.2 kQ, Cf = 34.10 1.27 1.99 16.38 0.11 9.05 18.71 9.73

22 pF (case Il)

3.4. Simulation

Figure 4 is the TINA-TI™ simulation schematic of the TIA circuit. The current source of
the photodiodes (lg1) is components model for the SFH213 Si Photodiode and capacitor with
27.619 pF is the equivalent capacitor of Cy. The OPA380, which is supplied by dual power
supply 5 Vpc, is available in the simulator. Next step is to click ‘Analysis’ menu and choose “AC
analysis” then “AC transfer characteristic’. Choose start frequency from 1 Hz to 10.5 MHz, then
gain of the circuit will be shown, which is 78.06 dB then if reduced by three (f34), the value of
point ‘x’ will be 1.3 MHz. Then, on the phase margin, 1.3 MHz point is perpendicular with 47.17°,
reduced by 1.22° resulted in 46.24° phase margin. This simulation result can be seen in Figure
5. The Bode plot comparison between calculation and simulation is shown in Table 3.

For the noise analysis (Figure 6), on the TINA simulator, choose “Analysis” menu then
click “Noise Analysis”. Choose start frequency from 0.5 MHz to 10.5 MHz, the number of points
= 1000. Based on the simulation, the noise was measured and have different average of 2.2
pvrms (shown in Table 4) with the calculated value. This difference is because the simulation
uses different approach, but the difference is relatively small and can be ignored.

U1 OPA380

Figure 4. TIA circuit based simulation using offline TINA-TI™ with C,; = 27.62 pF and ideal
components: C;= 15.52 pF & Ry = 8 kQ

A
X |1.3MEG v:|?5.05

B
X |1.3MEG y: |-4?.1?

A-B
x 35k ¥ 122.23 b A1

Figure 5. Bode plot and loop gain of the TIA; x(A) = frequency in MHz & y(A) = Gain in dB; X(A)
= frequency in MHz & y(A) = phase margin
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Table 3. Comparison of the f3gz and phase margin between ideal calculation and

simulation
Variable Calculation Simulation
Cut-off frequency 1.28 MHz 1.30 MHz
Phase margin 45° 46.24°

Table 4. Noise comparison between simulation and calculation results

fopw Calculation (pVrms) Simulation (uVrms) Error
1 MHz 18.94 10.28 8.66
2 MHz 24.43 18.85 5.58
3 MHz 28.83 25.16 3.67
4 MHz 32.72 30.38 2.34
5 MHz 36.3 34.89 1.41
6 MHz 39.64 38.9 0.74
7 MHz 42.81 42.54 0.27
8 MHz 45.87 45.88 -0.01
9 MHz 48.80 48.97 -0.17
10 MHz 51.65 51.86 -0.21

60.00u

40.00u

A
x: [tOMEG v:|51.86u

000

100k 1MEG 1OMEG 100MEG
Frequency (Hz)

Figure 6. Total noise (uVrms) vs fgew (MHZz) in Op-Amp OPA380 with C; = 11 pF, C;= 15.52 pF
& R = 8 kQ based simulation using offline TINA-TI™; x(A) = frequency in MHz & y(A) = total
noise in micro scale

3.5. Final Prototype

The printed circuit board (PCB) is designed using PROTEUS 7.0, ISIS for schematic
design and ARES for layout (Figure 7a). TIA kit is assembled on a single layer PCB with
discrete components (Figure 7b) which consisted of one Op-Amp, one resistor feedback 0.25
Watt connected in parallel with capacitor feedback, 5 output pin (data, ground, supply-, ground,
supply+), input pin from photodiode, two channels to tap in, and dual-supply pin with 5 Vpc. The
OPA380 is SOICS8 fabricated IC because this kit is designed to use DIP type, PCB converter
from SOICS8 to DIP needs to be used. The size of this TIA kit is 28.37 mm x 38.55 mm.

MTIA = =
PAST 1 8154

(b)
Figure 7. Final prototype: (a) PCB layout; (b) A photograph of TIA kit
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4. Conclusion

Based on the theories, VLC can offer high-speed data transfer (up to GHz scale) and
large bandwidth which is more than Radio Frequency (RF) and other optical wireless technology
such as infra-red communication (IR). Although, in reality, VLC system has a limitation on the
component devices such as in the digital signal processing (DSP) system and in the analog
front-end (AFE). Many solutions are offered to tackle that problem, one of the solutions is
optimization of transmitter and receiver module on the analog system domain. The common
problems of the AFE are in the active component selection, i.e. Op-Amp, with high bandwidth
and low noise specification. In this paper, TIA design for low internal noise has been discussed.
Using calculation and simulation approach, the designed TIA kit able to have low noise and low
impedance characteristic.

Through this noise analysis, we hope that precise component selection can be done.
Because this experiment is focusing more on the noise, the bandwidth characteristic is not
much discussed. On the next research, the authors will compare the calculation and simulation
results with real measurements, using tools for noise and bandwidth analysis of the TIA kit. To
minimize the parasitic capacitances, the PCB design has to be done thoroughly. A double-sided
glass epoxy with the surface mount devices (SMD) components is recommended, so that, the
TIA circuit has optimum performances.
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