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Abstract—The equivalent circuit model for two commercial on the frequency response of LED devices within the context
high power LEDs for illuminance is proposed and extensive of \VLC systems.
measurements have been carried out to verify the accuracy of The equivalent circuit model of the LED is of practical
the model. In addition, the frequency response of two LEDs in . L . . .
the optical domain can be estimated using the transfer function Ir_npo_rtance for deS|gn|n_g ef cient driver and/o_r modulau_on
of electrical equivalent circuit. It is shown that, the electrical ~Circuits as well as equalizers to extend modulation bandwidth.
parasitics in the chip and packaging introduce signicant at- The one port re ection measurement is an ef cient approach
tenuation beyond a resonance frequcency. Care should be takenpased on the S11 parameter to characterize the impedance and
when designing high-speed driver and/or equalization circuits for carrier lifetime of lasers and LEDs [9]-[13]. In [14], [15], this

VLC systems. h - S
Index Terms—LED, equivalent circuit, impedance, impedance method was adopted to characterize the equivalent circuit of

matching, driver circuit, bandwidth, carrier lifetime, VLC AlGaN based multiple quantum well (MQW) deep ultraviolet
(UV) and double heterojunction (DH) LEDs. However, there is

limited information in the literature on the equivalent circuit
characterization of high-power LEDs used in VLC systems.
Light emitting diodes (LEDs) have been intensively invesNote that, here generally high-power LEDs refer to those with
tigated since Burrus [1] fabricated the rst LED for opticala single chip size not less thamn? with a drive current of at
ber communication systems. LEDs with high luminous andeast 350 mA [16]-[18]. In this paper we investigate the effects
energy efciencies compared to traditional light sources aif parasitic elements on modulation bandwidth in high-power
incandescence and uorescence, color rendering, reduced $iEDs within the context of VLC.
and lower cost are currently being adopted in a wide range ofThe rest of the paper is organized as following. The equiv-
applications. In addition, LEDE) light output can be changedalent circuit model is given in Section Il and measured results
or dimmed by simply adjusting the drive current up to the rateste shown in Section Il as well as tted element values.
maximum level; andii) offer longer life span. LEDs can have
vastly different characteristics with regard to, for example, the
frequency response (i.e., switching speed), luminous, cold Theory
rendering and ef ciency. As for the LED's frequency response, A practical LED chip can be modelled as a paralRC
it is well known that its frequency response follows theircuit [5, 6, 20, 21]. The resistance can be obtained from
rst order system [2]-[5], whereby its modulation bandwidttthe differential resistancey of LED's intrinsic p-n junction,
is mainly limited by the effective carrier lifetime which iswhile the capacitance consists of the space-charge capacitance
typically 2-5 ns for InGaAsP LEDs [6] with a correspondingC., which results in the delay of carrier injection to then
bandwidth up to hundreds of MHz. junction, and the diffusion capacitan€g. The ultimate limit
In recent years, we have seen a growing research intereSLED modulation bandwidth is determined by the carrier
in the emerging wireless technology of visible light comrecombination lifetime = ryCq . Due to the parasitiCs,
munications (VLC), which uses both solid state and organike frequency response of the LED is given by:
LEDs at the transmitter [7], [8]. VLC offers illumination, data
communication, indoor localization and sensing. However, H(w) = ; (1)
LEDs used for illuminance tend to have large areas (i.e., high 1+]!
capacitance) and operate at high drive current, thus imposingvhere ¢ = rg(Cq + Cqc) is the l5affective carrier lifetime,
a modulation bandwidth limit and driving complexity. On! is the angular frequency, arjd= 1
the other hand, LEDs for data communications should beln addition, real LED chips have a series resistance due
small in size with low capacitance and much reduced parasitic current crowding under electrodes, ohmic contacts and
elements. Research on white LEDs for VLC systems hasnding wires from the die [19]. Large size LEDs, especially
mainly focused on algorithms, system implementation arfdgh-power LEDs used in VLC systems, tend to have a large
performance evaluation. However, not much has been repor@d between the layers and a parasitic capacit@icbetween

I. INTRODUCTION

Il. SMALL SIGNAL MODEL



electrodes as shown in Fig. 1 (not&,; depends on the LED
chip design).

Bonding wire
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P—Contact :,.C” Bonding wire T

------------------------------ .

P—GaN | MWR,/2
Active Region \4 J—Cd =

N—Contact

N—GaN ! U R./2

Sapphire Electrode 2 Fig. 2. The equivalent circuit model for the AC small signal.

(a) ()

Fig. 1. A conventional LED: (a) Chip structure, and (b) A Red LED (from whereCj = Csc + Cq is the junction capacitance.

Cree XPB®) . _
D. Modulation Characteristics

B. Packaging The optical output can be obtained from (2) based on

For high-power LEDs with large areas, packaging is imihe fact that .opticallpowe'r is proport.iona.ll to the currd'ant
portant to ensure good heat dissipation and therefore lond&ugh the differential resistance, which is representative of
lifetime. Commercial high power LED chips are availabl&ffeéctive modulated current through the active region. The
in mainly three packages of conventional package, ip-chigUtPut voltageVo = hir 4 in Fig. 2 can be considered as the
package and vertical package [16]. A red and a white LEgnalI—&gnaI_ light out_put intensity of the LED [3], [10], where
are considered in this paper. The red LED (Cree XPEREB-Is the gain coef cient. Therefore, the frequency response

L1-0000-00501) with the conventional chip package and re@f the LED (including packaging) can be modelled using the

angular electrodes is shown in Fig. 1(b), while the whité°ltage transfer function as given by:

LED (Lumileds Luxeon Rebel LXML-PWC?2) has a ip-chip

package with the phosphor coated on the GaN blue LED chip. (s) = Vo(s) _ h 'd
External packages for the chips are availble in a wide varietyLED Vs(s) Ziep + Ry
of ways. Both devices considered here are based on chip-on-

ceramic board packaging in order to minimize the physical =1= s3RSLbCJ- Cp
size [17].

An electrostatic discharge (ESD) protection diode (e.g., 2 Rs + rg
Zener diodes) is another important component in LED pack- *STRpt Rg+ RGGh+ Ly Co ra S
aging to protect the chip from damage. It comes in different Re + g Lp
combination with different parasitic [19]. The ESD parasitic TSRt Rgt Co———+C + —+ RsG
capacitance is included within the total bonding capacitance 1 d
Cy together with the electrode capacitar@g Note that here L fa+* R+ Rg+ Rs
the ESD is modelled as a single capacitance for simplicity and Id
its accurate model cannot be obtained due to its integration in 3)

the package. Common ESD diodes will have a capacitance

. . . . wheres = j! is the complex variable.
of 500pF to 10nF with a zero bias, which can contribute . s )
to the distortion of high-speed signals beyond the operati To verify the validity of this method, the S21 parameter was

frequency of500MHz feasured and compared with estimated response as presented
' in the section lll. It is interesting to notice that the LED's
C. Equivalent Circuit Model response follows the rst-ordéRC system at low frequencies,

The equivalent circuit for high power LEDs is shown in Figand attenuates signi cantly as a three-order system above
2. The intrinsic LED model is composed of the differentialhe resonance peak caused by parasitic elements. From the
resistancery and the junction capacitandg, which is the standpoint of driver or equalizer design, more gain should be
sum of the space-charge capacitari@g and the diffusion provided to compensate for the parasitic introduced attenua-
capacitance&Cy . The parasitic consists of the series resistanden.
Rs inside the LED chip, the series bonding resistamig
the series bonding inductands, and the parallel bonding
capacitanceC;, . Note thatR, is the impedance of the source The experimental measurement testbed is shown in Fig.
(50Wfor the vector network analyzer, VNA). 3, which is composed of a VNA (Keysight E5061BHz-

The impedance of an LED is given by: 3GHz), a wide-band test xture (Keysight 16197A, 3GHz)

speci cally designed for surface mounted components, a high-
_ 1 1 speed optical receiver (Newport Model-1601, 1GHz), a multi-
Ziep = Rp+ Il p+ jiic o R+ ﬁ::rd (2) mode optical bre. All the measurements were carried out

IIl. M EASUREMENT SETUP AND RESULTS




at aroom temperature 020 C. The LEDs mounted on the TABLE |

test xture were driven using the re ection port of the vector PARAMETERS FITTED
network analyser with &0W output impedance, whereas the
transmission port of VNA was used to monitor the output
of the optical receiver. A short length multi-mode bre was | Rewerse saturation curremt | 1:13 10 * A | 312 10 * A
used to connect LED and the optical receiver. The VNA Ideal factorn 1:34 1:98
was calibrated prior to carrying out measurements. For each Series resistancBs, . 0:015wW 0:360W
LED we carried out measurements for the impedance and S21

parameter for a range of bias voltage.

Description White LED Red LED

B. Impedancevleasurement

In order to ensure that LEDs are operating within the linear
region, an AC signal with an output power &0 dBm was
used to measure the impedance for a range of bias voltage
generated from the internal bias tee of the VNASs re ection
port. The voltage across the LED was measured using a DC
voltage meter in order to estimate the bias current with the help
of V-l curves. Due to the high impedance of the voltage meter,
the measured voltage can be used as an accurate estimate
of voltage cross the LED. After measuring the DC voltage,
the voltage meter was removed to eliminate its effect on the
measurement results. The impedance results were captured
from the VNA.

Figs. 5 and 6 show the measured impedance (only the
magnitude vs the frequency is given here for clarity) of the
white and red LEDs for a range of bias conditions. Tables Il
and Il list the estimated values of the elements. To illustrate
the tting method and its accuracy, the impedance of the red
LED biased at (1:¥, 1:662V, 4:0mA), which represents

A. V-1 Measurement the DC bias voltage of VNA, voltage across the LED and
Using a source meter (Keithley 2400), we measured the \é$timated current, respectively, is shown in Fig. 7. The LED
curves for both LEDs as shown in Fig. 4. With the measurdithaves like a low pass lter in the low frequency range (see
data, we carried out curve tting using then junction diode the inset at the left), and the rst impedance oor can be
equation| = 1ge%V IR soc )=KT with a parasitic series estimated byRp + Rs + rq. With the frequency increasing, a
resistanceRs,. , wherels is the reverse saturation currentsecond oor appears wheiy is shorted byC; , thus making
n is the ideal factork is the Boltzman constanfl is the the corresponding value suitable to account Ry + Rg
absolute temperature, is the charge of an electron. Table land the roll-off of the impedance to estima® . The

Fig. 3. Experimental setup

lists tted parameters for two devices. lowest impedanBe dip is used to estimBigat the resonance
—= 1 . . "
frequency of(2 * L,Cp) ™~ providedthe following condition
holds: 9 9 P$ LV OLNH [\

11
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At frequencies above the resonance peak, the impedance can
be used to estimatkey, since the parasitic inductands, is
dominant (see the inset at the right). However, if (4) is not
met, then there will be inaccuracy in the estimation.
It has been observed that, the differential resistance estimat-
ed usingRs,. + NkT=qlg (I is the bias current) accounts for
rq in the model as well aBBgym = Ry+ Rs+rg. This is evident
from Tables Il and Ill, and can be explained by the measured
V-l curves, which can interpreted as the characteristics of the
entire LED. Another observation is th&s decreases as the
Fig. 4. Measured and tted V-I curves of LEDs bias current increases, which is different from those lasers and
LEDs used in communication systems [15], [20].
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TABLE Il
PARAMETERS FITTED FOR THEWHITE LED

Bias(VmA) | Rp() Cp(nF) | Lp(nH) | Rs() ra( ) | Ci(nF) | Rsum ( ) | nkT=qlo + Rspc ( )
(0:000; 0) 0:20 3:36 2:45
(1:000; 0) 0:20 3:65 2:45
(2:000; 0) 0:20 4:19 2:45
(2:100; 0) 0:20 4:45 2:45
(2:200; 0) 0:20 4:99 2:45
(2:300; 0) 0:20 6:17 2:45
(2:400;0) 0:20 8:16 2:45

(2:493;0:2) 0:20 10:5 2:45 55:52 | 206:28 0:1 261:2 286:5
(2:558; 0:8) 0:20 12:2 2:45 15:24 | 30:13 0:1 45:57 44:47
(2:591; 2:1) 0:25 13:7 2:45 2:84 14:35 0:2 17:45 17:28
(2:610; 3:5) 0:27 14:4 2:45 2:61 7:07 0:2 9:95 10:03
(2:623; 5:0) 0:27 14:4 2:45 2:67 3:94 4:0 6:88 6:91
(2:632; 6:5) 0:28 14:4 2:45 2:42 2:51 7:9 5:21 5:34
(2:675; 22:7) 0:28 14:4 2:45 0:58 0:72 15:8 1:58 1:57
(2:691; 35:8) 0:28 17:0 2:45 0:42 0:33 28:9 1:02 1:00
TABLE Il

PARAMETERS FITTED FOR THERED LED

Bias(V, mA) | Rp( ) | Co(nF) | Lp(nH) | Rs( ) | ra( ) [ Gj(F) | Raum () | nkT=qlo + Rspc ()
(0:000; 0) 1:78 0:29 0:99
(2:500; 0) 1:60 0:23 0:99 7:60 | 4113:59 0:45 4122:79 1900:23
(1:595; 0:5) 1:65 0:25 0:99 6:63 350:14 1:12 358:42 188:91
(1:662; 1:2) 1:66 0:27 0:99 4:06 43:48 4:72 49:20 37:33
(1:694; 2:4) 1:58 0:27 0:99 2:56 14:32 10:9 18:47 17:34
(2:715; 4:0) 1:58 0:27 0:99 1:92 7:50 18:1 11:01 10:55
(1:730; 5:8) 1:21 0:19 0:99 1:96 4:89 24:7 8:06 7:43
(1:770; 15:0) 1:21 0:19 0:99 1:28 1:46 49:7 3:95 3:03
(1:794; 24:7) 1:38 0:19 0:99 0:78 0:83 75:1 2:99 1:85
(1:813;35:2) | 1:47 0:19 0:99 0:54 0:53 100 2:54 1:30
(1:829;45:7) | 1:35 0:19 0:99 0:54 0:39 130 2:28 1:00
C. S21 Measurement second knee points followed by 80 dB/dec slope caused

. . by parasitic elements are predicted by the model and agree
For the S21 measurement, & higher AC input current wa¥e|| with measured S21 parameter for the red LED. It has

uesd to drive the_LED n c_)rder to provide a suf clent Optlcaaclj'so been observed that the knee points for the white LED are
power at the optical receiver. The AC power was increase : .
ighly correlated with the anti-resonance peaks.

accordingly for different bias conditions while keeping the
measured impedance curves the same as what was measured
with  40dBm output power to ensure nonlinearity does not
occur and the corresponding impedance models match. The effective impedance measurement using the one-port
Figs. 8 and 9 show the measured and estimated normalized:ction method was adopted to model the entire high power
S21 of the white and red LEDs. The estimated model show&D chip. The equivalent circuit model not only unveiled the
a strong correlation with the red LED, however, the whitenpedance characteristics of those high power LEDs, but also
LED response does not agree well with the model due to theovided an accurate way to estimate the frequency response
effect of the phosphor coating [21] at low frequencies arid the optical domain. Extensive experiments were carried out
inaccuracy of the impedance tting at high frequencies. Th® con rm the accuracy of this technique.

IV. CONCLUSION



Fig. 7. Measured and tted impedance of the red LED biased:@mA

Fig. 5. Measured impedance of the white LED

Fig. 8. Measured and tted S21 of the white LED biased3&t8 mA

Fig. 6. Measured impedance of the red LED
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