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Linear Response Modeling of High Luminous Flux
Phosphor-Coated White LEDs for VLC

Pau Salvador, Javier Valls, Juan Luis Corral, Senior Member, IEEE, Vicen¢g Almenar, Maria Jose Canet

Abstract—The widespread deployment of LEDs for illumina-
tion purposes has open the door to the use of these devices
for visible light communications (VLC). Most lighting fixtures
are mounted with phosphor-based white LEDs, and a driver
connected to the LED is also required for VLC. This paper shows
that the parasitic effects introduced by this setup change the
frequency response of the intrinsic LED. A linear model to char-
acterize the whole setup is proposed, as well as a methodology
to extract its parameters. This methodology allows the designer
to characterize the frequency response of LEDs without the
additional difficulty of knowing the specific parasitic components
introduced by the setup. The proposed model offers an accurate
estimation of the slope of the LED frequency response in order
to broaden the frequency range in which the model is useful
to characterize and simulate VLC links. This was corroborated
with the characterization of three commercial white LEDs whose
measured and modeled frequency responses matched perfectly.

Index Terms—White LED, linear model, VLC.

I. INTRODUCTION

ISIBLE Light Communications (VLC) are gaining a

lot of research interest in recent years as a wireless
communication technology for indoor environments, thanks
to the increasing use of LEDs for lighting [1], [2]. In VLC,
LED lamps are not only used for lighting, but also for data
transmission using intensity modulation.

White light LEDs are mostly based on two technologies:
RGB LEDs or phosphor-coated blue LEDs. In the RGB case,
three LEDs emitting red, green and blue lights must be driven
with proper intensities in order to generate white light by
color addition. In the phosphor-coated case, thanks to the
fluorescence of the phosphor material, part of the blue light
emitted by one blue LED is converted to yellow light with a
broad spectral distribution when it goes through the phosphor
coating. The combination of blue and yellow lights renders
white light. Phosphor-based white LEDs are preferred for
lighting due to their lower cost and their simpler driving
circuits.

The classical small-signal model for an LED is based on
a 1%%-order RC circuit [3]. However, the range of phosphor-
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based white LED models for VLC available in the literature
is quite diverse. Some authors use an empirical 1%"-order
function (H(f)=e //7r) with no physical explanation [4],
[5], [6]. Other authors focus on the low pass effect of the
phosphor coating, sometimes combined with the classical 1%7-
order response of an LED [7], [8]. In [8] the LED frequency
response is modeled as a linear combination of a 15/-order
response due to the blue light component (which only depends
on the lifetime of the blue LED minority carriers) and a
2"d_order response for the yellow light (which adds the
dependence on the phosphor radiative lifetime to the blue
LED response). These models have shown to work properly
for some specific and controlled scenarios. However, different
models are required in VLC LED lighting implementations or
when the full LED bandwidth is used.

Recently, the impact of parasitic components on the fre-
quency response of white LEDs has been highlighted [9], [10],
[11], so that they have been included in the LED electrical
model. For example, the measurements in [11] suggested that
a 2"¢-order behavior in the frequency response is due to
those components. On the other hand, although the circuit
models proposed in [9] and [10] have orders higher than
2. their measurements and estimations show that the 279-
order behavior dominates at lower and medium frequencies
and the higher poles appear at very high frequencies, i.e.
around 400 — 500 MHz. Additionally, it was already stated in
[12] that commercially packaged white LEDs have significant
series inductance. This inductance causes the 1%'-order LED
model to become a 2"¢-order model. Even though the circuital
models are appropriate for the characterization of this higher
order behavior of the blue component of the LED, they fail to
take into account the influence of the phosphor coating.

A real lighting scenario (e.g. an office building) requires
high luminous flux LEDs. Those LEDs, in fact, are composed
of several LEDs combined in serial or parallel within the same
package. This package is welded to a heat sink socket, which
in turn is welded to a support that acts as a radiator (to facilitate
heat dissipation) and probably as a reflector of light. When
data transmission is added to a lighting LED, a driver and a
bias-T are needed to modulate the LED, and they are usually
set on a printed board, which is placed behind the radiator and
connected with wires to the LED socket. In this realistic setup
e.g. the one shown in Fig. 1), the parasitic effects described in
[9], [10], [11] will probably appear and affect the frequency
response of the intrinsic LED.

In this paper, we analyze and model the behavior of high
luminous phosphor-coated white LEDs; the contributions of
this work are the following:



Fig. 1. VLC LED mounted on a lighting fixture

« A model for white LEDs that, like [7] and [8], separates
blue diode and phosphor coating effects. In this paper a
2"d_order transfer function is considered to characterize
the blue diode, which is required to represent the behavior
of the LED in a realistic lighting environment.

« A compact expression for the linear model of the white
LED, which includes three poles and one zero. The poles
are directly obtained from the frequency response of the
blue and the yellow light components. The frequency of
the zero is shown to depend on the power ratio of the
detected blue and yellow lights and its influence in the
white LED frequency response partially counterbalances
the effect of the blue LED higher pole.

« A systematic method to extract the parameters of the
model, which requires only three frequency response
measurements. This method was validated using three
high luminous flux white LEDs with different features.

The rest of the paper has the following structure: Section

II, introduces the circuital model of the blue component of a
white LED; Section III details the proposed linear model for
the white LED; Section IV presents the method to extract
the parameters of the model, the characterization of three
LEDs using this model, and the analysis of results. Finally,
the conclusions are stated in Section V.

II. CIRCUITAL MODEL OF BLUE LEDS IN LIGHT FIXTURES

It is well known that the small-signal behavior of an LED
is like that of a 1%’-order system, whose circuit model is a
resistance (rgz) and a capacitance (Cy) in parallel. Therefore,
its ideal frequency response (Eq. 1) is that of a single pole
low-pass filter with cutoff frequency f_3yp=1/(27ryCy).

1

HlntrinsichED(s) = rgCas + 1 M

However, when a high luminous white LED is mounted on
a lighting fixture, its frequency response changes. The order of
the system is increased due to the reactive parasitic elements
and, in addition, the poles of the system also depend on the
output impedance of the driver used to modulate the LED.

As an example to show this physical mechanism, the LED
model with parasitic components of [11] and the formulation
of [9], [10] are used. The circuital scheme of Fig. 2 represents
the output stage of the driver (a voltage source V with its
output resistance R), the equivalent model of the intrinsic

LED (its dynamic resistance r4 and its junction capacitance
Cy) and the parasitic inductance Ly and resistance R due
to the LED package and the lighting fixture. The output of
this circuital scheme, Vpp, corresponds to the voltage at the
photodetector output as the gain coefficient 4 includes the
effect of the LED efficiency, the channel attenuation, the
photodetector responsivity and the gain of the transimpedance
amplifier.
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Fig. 2. Circuital model of an LED including the parasitic components and
the driver output impedance.
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The transfer function V";L(f)s) is formulated in Eq. 2 and

its poles in Eq. 3. Thus,s the frequency response of the
system depends not only on the intrinsic LED and parasitic
components, but also on the output resistance of the driver,
R, . In any case, the frequency response corresponds to a ond._
order system due to the presence of the parasitic inductance
and the capacitance of the intrinsic LED.

Vep(s) _ h
Vs(s)  rqCaLgs*+ ((Rg+Rs)raCa+Ls) s+(Rg+Rs+rq)
(2

R.+R; 1 R.4R, 1 \* 1
s1o=— | ——+ [ —=—- - 3)
? 2Ly 2ryCy 2L 2raCa CyLg

In order to show an example of how the values of R and Ly
impact on the frequency response, the values of the parasitic




components and the resistance and capacitance of our LED3
(detailed in Section IV) were estimated to match the blue LED
frequency response (given in Fig. 9). Specifically, the intrinsic
LED parameter values are r4=2.36 Q and C;=2.98 nF; those
of the parasitic components are Ry=0.58 Q and L;=165.6 nH.
The frequency response of the ideal intrinsic LED and the
response of the LED with parasitic components and driver with
Rg=0 Q are shown in Fig. 3. While the intrinsic LED has a
single pole at 22.3 MHz, the system including the parasitics
has two poles, one at 3.2 MHz and the other at 19.9 MHz.
This causes a reduction in bandwidth and an increase in the
response slope, approaching —40 dB/dec. As many researchers
in their experiments drive the LEDs directly from signal
generators or amplifiers, both with an output impedance of
R,=50 Q, the frequency response of that case is also included
in Fig. 3. This new scenario moves the poles to 24.8 MHz
and 46.5 MHz and introduces a high attenuation due to the
mismatch between the driver output impedance and the LED
impedance.

Note that Eq. 3 gives real poles independently of the value
of R, in this example. This is due to the high value of the
parasitic inductance caused by the lighting fixture and the
connection to the driver (i.e. 330 nH were measured in [12]
for a commercial LED). In fact, large values of L favor real
poles in Eq. 3.

Based on results from previous authors and given the good
agreement with our measurements, we make use of a ond_
order system with real poles to model the blue component of
the LEDs in the next section.

III. PROPOSED LED MODEL

The proposed model combines the effects from the blue
LED and the phosphor coating, i.e. in a white LED made of a
blue LED coated with phosphor, the white light is generated as
the sum of two types of light: the one transmitted by the blue
LED and the one emitted by the yellow phosphor. Therefore,
both light sources can be modeled separately and subsequently
added.

In the model definition, it is assumed that the optical
power generated by the LED, Py(t), due to its modulating
voltage, vs(?), is detected by a photodetector (PD) whose
output voltage (vpp(¢)) is proportional to that optical power,
as shown in Fig. 4(a). Therefore, although the white LED
combines the electro-optical process of the blue LED with the
fully optical process of the phosphor coating, the complete
model can be written in the electrical domain. All DC or bias
terms at the LED or PD are not considered in the model as we
are only concerned with the data signals to be transmitted. The
objective of this paper is to obtain a linear model of the relation
between the photodetector output Vpp(s) and the white LED
input, V(s), in the Laplace domain, H,,(s).

The proposed linear model for the white LED shown in
Fig. 4(b) is based on a linear combination of the detected blue
and yellow light components, modeled as Hj(s) and H,(s),
respectively.
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Fig. 4. (a) System to be modeled. (b) Block diagram of the complete model.

A. Linear model of blue LEDs

As stated in Section II the blue LED can be modeled as a
2"d_order system with two real poles. Therefore, the transfer
function of Eq. 3 can be rewritten like Eq. 4, whose real poles
are —pp1 and —pp, and kp=Hp(0).

kp
H = — 3 4
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B. Phosphor coating effect and yellow signal model

In a phosphor-based white LED, the layer of photoluminis-
cent material (typically YAG:Ce) absorbs most of the blue
photons emitted by the blue LED and, after an excitation-
relaxation process, new yellow photons at a longer wavelength
are generated. The modulation bandwidth of the light coming
from the white LED is reduced due to the time the YAG:Ce
molecules stay in the excited state prior to the emission
of the yellow photon. The average value of the relaxation
process, this is, the fluorescence lifetime, is in the range of
tens of ns for typical YAG:Ce materials [7]. After passing
through the phosphor layer, the light emitted from the LED
is a combination of blue and yellow photons, offering the
desired white light. When this white LED is used for VLC
data transmission, the fluorescence process adds a bandwidth
limitation to the VLC link as the yellow emission process is
not able to follow the fastest transitions of the incoming blue
light.

The behavior of the phosphor coating is modeled like a 157-
order system (Eq. 5), where —p, is a real pole and k ,=H, (0).

Hy(s) = (5)
p$)="7F "
(oo + 1D
The model of the generated yellow wave is obtained as the
cascade of the blue LED and the effect of the phosphor transfer
functions, as in Eq. 6.

Hy(s) = Hp(s) 'Hp(s) (6)



C. Complete model

In a phosphor-based white LED, the thickness and doping
of the phosphor coating are selected to obtain the desired
combination of blue and yellow lights so that the expected
white light is rendered. The block diagram of the white LED
complete model is detailed in Fig. 4(b) and formulated in
Eq. 7, where vy, and y,-k, are the weights with which
the blue and yellow components are added at the receiver,
respectively. These weights take into account not only the
relative proportion of both blue and yellow components in
the white light, but also the different responsivities of the
photodetector at each wavelength.

Hw(s) = yb'Hb(S) + yy'Hy(S) (7N

This transfer function can be rewritten by substituting Eq. 4,
Eq. 5 and Eq. 6 in Eq. 7, giving Eq. 8§,

Ho(s) = kr(z+1) 5
S ey T Te e M

kpvyy kp y
where kr=kpyp (1+ ’y:‘ ) and zpzpp(1+fy—z~). Therefore, the

complete model has one zero and three poles. The three poles
in Eq. 8 correspond to the poles of the blue LED response,
Hy(s), and the pole of the phosphor response, H,(s). The
frequency of the zero is slightly higher than the frequency
of the pole coming from the phosphor coating. In fact, the
position of the zero depends on the detected power ratio
between yellow and blue lights, k¥, /¥, in such a way that
when there is more blue content the position of the zero is
closer to the position of the pole coming from the phosphor
response, —p, and partially compensates the effect of the pole
in the frequency response. This effect will be experimentally
shown in Fig. 10 in section IV.C.

On the other hand, our model allows us to derive some
interesting conclusions, which are not easily extracted without
Eq. 8. If the blue LED behaves like a 2"-order system, when
the phosphor coating is added (which is a 1*'-order system),
one could expect the complete white LED model to behave
like a 3"¢-order system; however, that does not happen. This
is due to the fact that the phosphor coating not only introduces
a new pole in the yellow component frequency response, but
also a new zero in the white light frequency response. This
zero compensates the second pole of the blue LED in the
white LED response at high frequencies. Note that if the blue
LED could be modeled as a 1%’ -order system, the same effect
would appear: the phosphor would introduce a pole and a zero
in the white light frequency response and the result for high
frequencies would be a slope of -20dB/dec as if it were a
1%7-order system.

IV. WHITE LEDS CHARACTERIZATION

Fig. 5 shows the setup used in the model parameter estima-
tion. The transmitter consists of an arbitrary wave generator
(AWG) Siglent SDG6022X, an amplifier implemented with
an OPA2677 (which has a low output impedance, lower
than 1.8 Q in the whole measurement range) and a bias-
T with a capacity of 15 pyF and an inductance of 1 mH,

which are connected to the LED under test. At the receiver,
the lens ACL25416U-A is used with the PDA10A amplified
photodetector, which is placed at a distance of 75 cm and
its output is connected to the Rohde&Schwarz RTM3004
oscilloscope (OSC). Both AWG and OSC are controlled from
MATLARB to generate and capture the transmitted and received
signal, respectively. Since the proposed method requires the in-
dependent measurement of white, blue and yellow components
of the transmitted light, a blue filter (FGB25 from Thorlabs)
or a yellow filter (010 Medium Yellow from LEE filters) was
placed in front of the PD when needed. According to its
specifications, the PDA10A photodetector electrical bandwidth
is 150 MHz. On the other hand, the LED driver was designed
to have a flat response up to 100 MHz. Thus, the contribution
of these components to the frequency response of the VLC
link can be neglected as the maximum frequency measured in
the setup is 50 MHz.
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Fig. 5. Scheme of the white LED characterization setup.

Three different white LEDs were characterized:

« LEDI1: CXB1830-0000-000NOBV265E from Cree;

o LED2: XHP70A-01-0000-0ODOBN40E1 from Cree;

o LED3: LZ4-40CWO08-0065 from OSRAM.

They are shown in Fig. 6 and their main features are
summarized in Table I. All three devices exhibit high luminous
flux. LEDI is a COB (chip-on-board) diode type and LED2
and LED3 are composed of 4 LEDs connected in series.

TABLE I
LEDS FEATURES

Feature LED1 LED2 LED3
Correlated Color Temperature 6500 6500 6500
Forward Voltage (V) 35 12 12.6
DC Forward Current (mA) 800 1050 700
Luminous Flux (Im) 4600 1900 800
Viewing angle (deg.) 115 120 90

(a) (b) (©

Fig. 6. (a) LEDI; (b) LED2; (c) LED3.

A. Method to extract the model parameters

The steps required to obtain the model parameters are
described below:
Step 1: Hj(s) parameter extraction



1) Measure the LED frequency response with a blue filter,
Hp_m(f)].

2) Calculate kp=|Hp ,,(fr)|, where fi is the lowest fre-
quency to be measured.

3) Find f,,, as |Hp_m(fL)las—Hp_m(fp,)lap=3 dB and
calculate the pole pp1=2nfp,,,.

4) Calculate Hp(f) from Eq. 4 including k; and pp; and
assuming ppr=0o.

5) Find fp,, as |Hb(fpb2)|dB_|Hb_m(fpb2)|dB=3 dB and
calculate the pole ppo=2mrf,,,.

6) Recalculate Hy,(f) from Eq. 4 including pp, and check
that |Hp(f)| and |Hp_m(f)| match; if not, adjust the
parameters. Note that this adjustment is necessary when
pw1 and py) are close enough to interact with each other.

Step 2: H,(s) parameter extraction

1) Measure the LED frequency response with a yellow
filter, |Hy_n (f)I.

2) Calculate k,=|Hy ,,(fL)|/kp.

3) Calculate H,(f) from Eq. 6 including k, and assuming
Pp=00.

4) Find fp, as |Hy(fp)las—|Hy_m(fp,)|lap=3 dB and cal-
culate the pole p,=2nfp .

5) Recalculate Hy(f) from Eq. 6 including p, and check
that |H,(f)| and |Hy ,,(f)| match; if not, adjust the
parameters.

Step 3: vy, and vy, estimations to complete H,,(s)

1) Measure the LED frequency response without any filter,
Hy_ ()],

2) Minimize the mean squared error (MSE) according to
Eq. 9 to estimate y;, and .

fu
MSE= & 3" (Hw(fidlas ~ 1Hun(f)las)* . ©)
Jfa=fL
where N is the number of frequency bins between fr,
and fy, and fy is selected as the highest measured
frequency not affected by noise.

3) Calculate H,,(f) from Eq. 7 including y; and vy, and
check that |H,,(f)| and |H,, _,(f)| match; if not, adjust
the parameters.

Regarding the fine adjustment required at the end of each
step, it should be noted that all parameters have a well-defined
physical function (i.e., a gain or a pole), so they can be easily
adjusted by trial and error if both the estimated and measured
frequency responses are plotted together. On the other hand,
if the blue component of a white LED had a response with
conjugated complex poles, the proposed model would also
be suitable. In such a case, pp; and ppy would be complex
conjugates and only Step 1.3 and Step 1.5 of the method would
have to be modified to estimate those poles.

Next, an example of the application of this procedure is
explained for LED1, and the results of its application are also
shown for LED2 and LED3.

B. Measurements and estimations

LEDI1, LED2 and LED3 were biased at 400 mA, 620 mA
and 650 mA, respectively, during the measurements. In order

to measure the frequency response, sinusoidal signals with
different frequencies were transmitted sequentially and the
received power at the photodiode output was measured individ-
ually. The amplitude of the transmitted sinusoidal signals was
around 200 mA and it was checked that the nonlinearities of
the LEDs did not affect the measurement. Next, the method to
extract the model parameters is particularized for LED1 as an
example. For the sake of clarity, fine adjustment of parameters
(final point of each Step) has been omitted.

Firstly, the frequency response with a blue filter, |Hp ., (f)],
measured in Step 1.1 is shown in Fig. 7. In Step 1.2, parameter
kp 1is directly obtained as it is the gain at low frequency
(Hp m(fL)lap = —24.5 dB), so kp=10"2432= 6.1072. The
frequency of the first pole in Hy, (f), fp,,, is found at 2.3 MHz
applying Step 1.3, and its value is pj=1.45-107 s7'. In
Step 1.4, Hp(f) is calculated using the estimated k; and
pp1 and considering that pp=co (as if it were a 1°'-order
approximation). Then, the frequency of the second pole f),,
is found at 9.4 MHz applying Step 1.5, and its value is
P2=5.91-107 s~!. The estimated frequency response, |Hp (f)],
is shown in Fig. 7 matching the measured one, |Hp ,,(f)].

Secondly, in Step 2.1, the LED frequency response with a
yellow filter is measured (|Hy_,(f)| in Fig. 7). In Step 2.2,
parameter k,, is indirectly obtained using the measured gain
at low frequency (|Hy n(fr)lag = —3.34 dB) and k; from
Step 1: k,=10733/20/6.10"2=11.5. Hy(f) is calculated in
Step 2.4 assuming p,=co and used in Step 2.4 to find the
pole frequency, f,, of the phosphor coating response, H), (f),
at 3.1 MHz, whose value is p,,=1.95-107 s~!. The estimated
frequency response, |Hy(f)|, is shown in Fig. 7 matching the
one measured with the yellow filter, |H,_,,(f)].

Finally, in Step 3.1, the LED frequency response without
filters (white light) is measured (|H,, ,»(f)| in Fig. 7). Pa-
rameters yp and 7y, from Eq. 7 are estimated in Step 3.2 to
match the white light response. To find their values the mean
squared error is minimized according to Eq. 9, where the MSE
is calculated for N frequency bins between f; = 500 kHz
and fy = 40 MHz. In the MSE calculation both responses
are used in logarithmic format to enable a better fit at higher
frequencies. As they have greater magnitude at low frequen-
cies, if the MSE is calculated with frequency responses in
linear format, the obtained result has a poorer match at higher
frequencies. As only two parameters y,, and y, must be found,
an exhaustive search was employed. The obtained y; and vy,
are shown in Table II together with the rest of the parameters
and Fig. 7 shows how the white LEDI estimated response,
|Hy, (f)|, matches the measured one, |H,, ,,(f)].

TABLE I
ESTIMATED LEDS PARAMETERS

Parameters LEDI1 LED2 LED3
kp 61002 59.102 6.0-1072
ppi(s™h) 145107 1.26-107  2.01-107
pr2(s™h)  5.91.107  7.54-107  12.56-107
kp 115 85 82
pp(s™) 195107 2.07-107  2.20-10’
b 34 325 3
Yy 1.09 1.04 1.05
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Fig. 7. Measured (solid line) and estimated (dashed line) frequency response
of LEDI.

The same procedure was followed for LED2 and LED3
and their parameters are also indicated in Table II and their
respective frequency responses are shown in Fig. 8 and 9.
Observing Figs. 7 to 9, it can be stated that a very good
match between the proposed model and the measurements for
all three white LEDs is obtained. The slight disagreement at
high frequencies is due to the high attenuation (above 40 dB)
suffered by the detected signal at those frequencies, which
rendered noisier measured values.
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Fig. 8. Measured (solid line) and estimated (dashed line) frequency response
of LED2.

-10

-20 g
o
)
=-30 g
T
— e — HW
H
a0l | 7O Mom 1
— o —H,
— A Hy_m
sof [— A —Hy 1
20dB/dec \\‘
————— 40dB/dec N\
_60 1 1 \
10° 10* 102

f (MHz)

Fig. 9. Measured (solid line) and estimated (dashed line) frequency response
of LED3.

C. Analysis

Table III shows the frequencies of the poles due to the
blue LED and the phosphor coating, obtained from Table II
as fp,=pi/2m. As can be seen, fp,, and f,,, are in the
measurement frequency range, so the 2"?-order effect appears
in Figs. 7 to 9, where the slopes of |Hp ,,(f)| are higher
than —20 dB/dec (which is the slope of a 1*’-order system).
Regarding the phosphor coating, its pole (fp,) is around
3.3 MHz for all three LEDs, which is consistent with the
values measured by other authors [7].

From the results in Table II, the ratio between blue and
yellow light components can be obtained as y,/(yy-kp), in
terms of detected optical power or photodetected current. The
results are 21%/79%, 27%/73% and 26%/74% for LEDI,
LED2 and LED3, respectively. These proportions correspond
to cool white LEDs as expected from their color temperature
shown in Table I. As y, and 7y, are obtained in Step 3
of the proposed method, when the white LED response is
measured without filter, the transmissivity of the blue and
yellow filters does not affect the obtained ratios. However,
the actual ratio of blue and yellow optical power generated in
the LED could be slightly different from these values as long
as the responsivity of the photodetector is not constant at the
corresponding wavelength bands.

It is important to remark that the most important specifica-
tion in order to select the blue and yellow filters is the out-of-
band rejection of each filter, so that the frequency response of
the blue or yellow components are only measured in terms of
blue or yellow photons, respectively.

As explained in Section III-C, the white LED transfer
function (Eq. 8) includes a zero that depends on the phosphor
pole and the proportion in which the yellow and blue lights
are combined. Its frequency is also included in Table III.

It can be seen that the three LEDs follow a similar pat-



TABLE III
ESTIMATED FREQUENCIES OF POLES AND ZERO GIVEN IN MHzZ

pole/zero LED1 LED2 LED3
iy 23 2 32
Pbo 9.4 12 20
fop 3.1 33 35
fep 14.5 12.2 13.5

tern. Their frequency response is dominated by the low-
frequency poles from the blue LED (f},,) and the phosphor
coating ( fpp), which are quite close to each other, between
2 and 3.5 MHz. Both poles conform the 2"?-order slope of
—40 dB/dec of the white LED frequency response. The slope
of the blue LED frequency response changes gradually from
—20 dB/dec to —40 dB/dec beyond its second pole. In the
same way, the frequency response of the yellow component
also starts to change its slope to —60 dB/dec (the slope of a
374 order system) from this point. However, in the white LED,
both the second pole of the blue LED (f},,) and the zero (f;,)
appear at similar frequencies. As they are very close to each
other (fp,, =9.4 MHz and f;, = 14.5 MHz for LED1), their
slopes tend to cancel, and they hardly influence the response of
the white LED. Therefore, the yellow component is attenuated
faster (—60 dB/dec) than the blue component (—40 dB/dec) at
high frequency, in such a way that the slope of the white LED
frequency response follows the —40 dB/dec slope of the blue
light even though the yellow component is dominant at low
frequencies.

This analysis is shown graphically in Fig. 10. This fig-
ure shows the measured frequency response, the estimated
response from (Eq. 8) and the Bode asymptotes using the
frequencies shown in Table III. In general, the position of
the poles and the zero influences the deviation between the
Bode plot and the frequency response. In this case, f,,, and
fpp are quite close, so this deviation is about 6 dB. Besides,
the short distance between the pole at (f,,) and the zero at
(/fz,,) makes unnoticeable the —60 dB/dec trend between both
frequencies.

V. CONCLUSION

Although the response of ideal LEDs can be modeled as a
1*"-order system, commercial high-luminous flux white LEDs
connected in a realistic lighting environment exhibit a higher-
order frequency response due to the parasitic effects introduced
by the components required for their mounting. We have
proposed a new model for these white LEDs that enhances
their frequency characterization, and enables a more reliable
simulation of VLC links. In addition, a systematic method
to estimate the model parameters is presented, based on the
measurement of the blue, yellow and white components of the
emitted light, obtained by using two optical filters (blue and
yellow). The model was used to characterize three different
white LEDs, matching measured and estimated frequency
responses up to around 45 MHz.

0 % - 20dB/dec”
< - 40dB/dec
-10F 4
\
-20F 4
o <+ - 60dB/dec
Z
=3¢ 1
Iz
a0k < - 40dB/dec
sol- Hy m  (no filter) : |
— — —H, : :
——@—— Bode asymptotes /
.60 1 i TP ‘
]_00 ,//m.//l,, :I_O1 /7 102
f (MH2)

Fig. 10. Measured (solid line) and estimated (dashed line) frequency response
of LEDI and its Bode asymptotes.
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