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Abstract— In this paper, a hardware emulator (HE) for Organic 

Light-Emitting Diodes (OLEDs) is proposed. Two OLED panels 

used in lighting applications are characterized based on a 

theoretical equivalent model (TEM). The objective is to better 

understand OLED operation and to infer about their electric static 

and dynamic behavior. From this, a hardware emulator (HE) able 

to represent the real behavior of an OLED panel using equivalent 

devices is proposed. The goal is to provide a useful tool for an 

adequate OLED driver design. In order to validate the hardware 

emulator, OLED samples were experimentally tested under static 

and dynamic operating conditions. The comparison between HE 

and OLED experimental results demonstrates a satisfactory 

accuracy. 

 
Index Terms— Device Modeling, Hardware Emulator, Organic 

Light-Emitting Diode (OLED), OLED Driver, Solid-State 

Lighting. 

I. INTRODUCTION 

RGANIC Light-Emitting Diodes (OLEDs) are organic-

material based surface light sources. The source of light is 

an emissive layer where electron-hole recombination 

produces light emission. Other layers such as, electron transport 

and electron injection layers, jointly with hole transport and 

hole injection layers are used to optimize the flow of electric 

current and enhance the device luminous efficacy [1]. 

The initial use of OLEDs was in display applications, such 

as, flat displays, smartphones and television screens [2], but 

their advantageous features, as lightness, thinness, broad 

emission surface and good color rendering index (CRI) have 

motivated the use of OLEDs also in general lighting systems, 

where they also are named OLED panels because of their large 

area. In addition, the availability of commercial devices with a 

luminous efficacy of 60 lm/W and a lifetime of 40,000 hours  
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make OLEDs good candidates to replace existing traditional 

lighting sources in the future [3-4]. 

Because OLEDs are new light sources, their operational 

behavior has been the subject of several modeling studies. 

Different types of behavioral models for OLEDs may be found 

in the literature. Electrical models have been proposed in [5-6]. 

Other models that take into account the carrier transport 

phenomena within each layer have been developed in [7-8]. 

Large signal electrical models for OLEDs were presented in [9-

14]. With regard to multi-domains models, in [15-16] OLEDs 

were modeled using simulation tools. Thus, a scale-photo-

electro-thermal model was proposed in [17], and in [18] the 

photo-electro-thermal domains including aspects of luminance 

distribution and uniformity were also approached.  

One of the most critical point in OLED modeling, which is 

the main difference when compared to inorganic LEDs, is their 

capacitive nature. Owing to its large area and stacked thin 

layers, OLEDs present large capacitances when compared with 

LEDs. Additionally, their capacitance is dependent on the 

device operating voltage [12][19-20]. Considering that 

characteristic, when voltage pulses are used to supply OLEDs, 

current spikes occur, which can permanently damage the 

device. In order to overcome this problem, manufacturers 

advise to control the device forward current as an optimal 

driving mode [21] .  

In order to perform the light output control of OLEDs, the 

quasi-linear relationship between current and luminance makes 

a current driving mode preferable [9]. The basic dimming 

techniques are: 1) to vary the average level of the device 

forward current, also known as amplitude modulation (AM), or 

2) to change the on time of a current pulse, namely Pulse Width 

Modulation (PWM).  

In order to employ a PWM technique to dim OLEDs, their 

dynamic behavior should be correctly understood. Recently, 

many researches have been conducted to describe the influence 

of the driving current on the OLED photometrical performance 

[22-23]. Additionally, the OLED aging have been evaluated 

considering electrical and thermal stress [24].  

The above-mentioned models and analyses are useful to 

understand OLED operation. However, there are few studies 

related to OLED drivers presented in the literature. In [25] a 

bidirectional step-down converter was proposed, and [26] 

presents a step-up switched capacitor converter based on 

variable inductor. According to [4], OLED specific drivers are 

required for optimal operation in order to make this new light 

source successful. Furthermore, OLED panels are expensive 

and of limited access to many driver developers. In this way, an 

equivalent hardware able to emulate the OLED behavior is 
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highly desirable to help engineers to design and test theirs 

circuits and systems.  

Based on this need, the objective of this paper is to propose 

a HE able to represent the electrical behavior of any OLED 

panel with acceptable accuracy. 

II. ANALYSIS OF THE OLED THEORETICAL EQUIVALENT 

MODEL (TEM) 

The OLED TEM shown in Fig. 1 has previously been 

proposed in [12]. This model is composed by Re, which 

represents the resistance of the anode and a parallel resistance 

(Rp), representing the electrical path through which the leakage 

current flows. 

As can be seen in the model, there are two diode branches. 

The first branch is formed by an ideal diode (D1), a resistor (Rbi) 

and a voltage source (Vbi), which represent the built-in 

resistance and the built-in voltage, respectively.  The branch of 

the ideal diode (D2) is formed by a series resistor (Rs) and a 

voltage source (Vo). The voltage source represents the OLED 

threshold voltage that is required for initiating a significant 

current conduction. Rs models the parasitic series resistance and 

D2 provides the OLED unidirectional current behavior. 

The arrangement of the above-mentioned elements 

generates the static model of Fig. 1(a), which is able to represent 

the static OLED current-voltage response shown in Fig. 2. Each 

region of Fig. 2 can be represented mathematically by (1), (2) 

and (3), which represents regions 1, 2 and 3, respectively. 
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Fig. 1. OLED TEM: (a) Static model (b) Dynamic model [12]. 
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Fig. 2. Typical static current/voltage (I-V) curve of an OLED. 

In order to represent the dynamic behavior, capacitances are 

added to the model, as illustrated in Fig. 1(b). The geometric 

capacitance (Cg) is given by the form factor, the architecture 

and the material used in the OLED fabrication. The diffusion 

capacitance (Cd) models the dependency of the OLED 

capacitance with its bias voltage, as given by its C-V 

characteristic. Finally, a diode (D3) is used to provide a path for 

the Cd charge to flow when VCg is lower than VCd+Vbi. 

The OLED capacitances affect the OLED voltage when the 

device is driven with current pulses, e.g. PWM. The typical 

voltage response under PWM current supply is as illustrated in 

Fig. 3, which shows the charging and discharging process of the 

OLED, without any scale. 

The procedure to identify all the parameters of the TEM was 

presented in detail in [12] and it is based on auxiliary electronic 

circuits that submits the OLED to three different tests. The first 

one drives the OLED with a current ramp, in order to obtain Rs, 

Rp, Vo and Vbi. The second test is used to determine Cg and Cd 

by applying a voltage step. Finally, a third test is employed to 

obtain the value of Re by means of a short circuit. 

From the dynamic response, it is possible to perceive that in 

the current pulse rising edge, a charge process occurs, given by 

intervals I, II and III. When the current pulse is equal to zero, 

i.e. in the falling edge, a slow discharge occurs, which takes 

place in intervals V and VI. Interval IV is the steady-state 

regime, characterized by the steady-state voltage (Vss). A 

detailed mathematical analysis of each interval was presented 

in [14]. 

Some remarks can be made about the dynamic behavior of the 

OLED voltage under pulsed current driving: 

• Intervals I, II and III represent the charging process. When a 

current pulse is applied through the OLED, the voltage does 

not respond instantaneously, owing to the capacitive nature of 

the device. Hence, there is a time delay in the voltage rise 

edge. This delay depends on the model resistances and 

capacitances. The resistances are characterized by the low 

carrier mobility  presented by  organic  compounds,  and  the  
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Fig. 3. Typical dynamic voltage response under current pulse (not to scale). 

capacitances have a relationship with the OLED size, 

electrode materials, carrier concentration and operating 

frequency. 

• The proposed model considers a constant geometric 

capacitance, because it depends only on the device area, 

device thickness and OLED materials. 

• The diffusion capacitance has a dependency on the carrier 

concentration near to the electrodes, and it consequently 

varies with the forward voltage. 

• In the TEM, Cd provides the increase of capacitance with the 

voltage rise. However, an assumption was made assuming Cd 

as a fixed value, which corresponds to each current pulse 

amplitude of the static response. 

• Interval IV represents the steady-state regime. The voltage in 

this interval (Vss) is a function of the threshold voltage (Vo) 

and of the voltage drop in Rs and Re. This stage affects the 

OLED luminous efficacy (lm/W) owing to the dependency of 

the electrical power with the forward voltage. Low values of 

Rs, Re and Vo are desirable in order to increase the luminous 

efficacy, thus producing the same luminous flux with less 

electrical power for the same forward current. 

The dynamics of the OLED during the discharge process has 

a time constant in the range from milliseconds to seconds. 

However, the OLED dynamics during the charge process 

exhibits a time constant of the order of microseconds.  

III. PROPOSED OLED HARDWARE EMULATOR  

A hardware emulator (HE) is an electronic circuit formed by 

discrete elements that is able to represent, with considerable 

fidelity, the behavior of an OLED. The HE is useful for OLED 

driver developers in the sense that it enables them to test, design 

and develop dedicated OLED drivers, saving energy, cost, time 

and avoiding undesirable damage of the real device during 

development.  

Therefore, the objective of this paper is to propose a new HE 

based on discrete elements that allows OLED driver designers 

to adequate the driver to any OLED panel characteristics. 

The proposed HE is based on the TEM presented in Fig. 1 

and consists of an arrangement of discrete elements, as shown 

in Fig. 4. Potentiometers were used to perform a fine adjustment 

of resistances Re, Rp, Rs and Rbi. In order to emulate the diode 

branches and voltage sources, the proposed HE employs a PNP 

transistor and an operational amplifier (OPA) on each branch. 

The circuit formed by the OPA and the PNP transistor operates 

as a voltage-controlled voltage source (VCVS). The value of 

the voltage sources Vbi and Vo are adjusted by potentiometers 

that provide a reference voltage for the OPA, namely Vbi_ref and 

Vo_ref, for Vbi and Vo, respectively. 

In the equivalent device which was previously proposed in 

[11], an LED associated to a Schottky diode was used to adjust 

the threshold voltage, which requires a replacement in order to 

test different OLEDs. However, the proposed HE allows the 

user to adapt the I-V curve to any OLED panel only by adjusting 

potentiometers, as illustrated by the arrows in Fig. 5, which 

does not require the replacement of any element. By varying Re 

and Rp, the slope of the leakage current (region 1) can be 

changed. By modifying Re and Rbi, considering Rp>>Rbi, it is 

possible to change the I-V slope in region 2. Finally, by varying 

Re, Rbi and Rs, the region 3 of the curve is altered. Moreover, by 

adjustment of Vbi_ref and Vo_ref, the value of the built-in voltage 

and threshold voltage can be modified, as illustrated by the 

arrows shown in Fig. 5. 

D2

Rs

If

Rp

IpIc
IRs

Re

+

VRs

-

+

VRe

-

D1

Rbi

Ib

+

VCd

-

+

VCg

-

+

VRp

-

+
-

Vcc

Vbi_ref

+
-

Vo_ref

Cg

Q2Q1

OPA2OPA1

Cd

Vcc

D3

+

Vo

-

+

Vbi

-

+

-

VHE

 
Fig. 4. OLED Hardware Emulator (HE). 

Thus, the proposed HE can emulate the I-V curve of any 

OLED according to the datasheet information, without the need 

of purchasing an OLED device for the initial tests. Besides, it is 

possible to experimentally characterize an OLED and perform 

an approximation between OLED behavior and HE response. 

When the emulation of the dynamic behavior becomes 

important, capacitances shall be added to the HE. The desired 

value of the capacitances can be found by using serial and 

parallel arrangements of commercial capacitors. 

A limiting factor of the HE is the emulation of OLED 

behavior in frequency. Although, the HE can represent any 

voltage and current within the element limits, it is unable to 

emulate the OLED electrical behavior in all the frequency 

range, because there are a limitation related to the capacitive 

reactance (XC). Since XC is frequency dependent, the HE 

capacitances should be altered at each frequency in order to 

consider the frequency influence. However, this is a difficult 

task to be implemented by hardware. In [20] it was performed 

by using a simulation tool. This hardware limitation can 

produce error in the HE response when an operation in a  wide  
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Fig. 5. Possibilities of adjustment of the static I-V curve using the HE. 

frequency range is pursued. Therefore, the elements should be 

designed to operate in the desired frequency range or be 

replaced when the emulation error is significant, as it will be 

explained in the experimental section. 

Thanks to the dynamic response emulation, driver designers 

can test dimming methods based on, for example, PWM and bi-

level modulation, observing the response of the HE under 

pulsed current waveforms, which avoids damaging the OLED 

panel current spikes or over currents during the driver testing. 

IV. HARDWARE EMULATOR VERIFICATION 

In order to verify the applicability of the HE, two OLED 

panels from Osram were used: Osram Orbeos RMW-046 and 

Osram Orbeos CDW-031. These OLEDs have different 

dimensions, form factor and electrical power, in accordance to 

the main characteristics provided by the manufacturer 

datasheet, as summarized in Table I. 

TABLE I 

MAIN CHARACTERISTICS OF OLEDS [27] [28]  

Characteristic 
Osram Orbeos 

CDW-031 

Osram Orbeos  

RMW-046 

Rated Voltage (V) 3.4 3.7  
Rated Current (mA) 186 270 

Rated Power (W) 0.63 1  

Active Area (mm2) 4900 3930 
Total Area (mm2) 6340 5930 

 

 

Initially, all OLEDs were submitted to the parameter 

identification procedure described in [12]. From these tests, all 

necessary parameters required for the HE proposed in this paper 

were obtained, as shown in Table II. 

TABLE II 
HARDWARE EMULATOR PARAMETERS  

Osram Orbeos 

CDW-031 

Osram Orbeos 

RMW-046 

Vo (V) 2.84 3.07  
Vbi (V) 2.31 2.63 

Re (Ω) 1.34 1.6 

Rs (Ω) 1.29 2.66  
Rbi (Ω) 30.96 26  

Rp (Ω) 500 x103 350 x103 

Cg (F) 2.62x10-6 2.37x10-6  
Cd (F) 4.84x10-6 2x10-6  

 

The proposed HE was mounted in a printed circuit board 

(PCB), as shown in Fig. 6. All discrete electronic components 

used to build the HE are presented in Table III. 

In order to perform the experimental verification, a laboratory 

setup, with two channels to supply the OLED and HE 

simultaneously, has been developed. The setup consists of a 

current source generator, with variable frequency, duty-cycle 

and amplitude, based on a function generator, and an OPA 

operating as a voltage-controlled current source (VCCS) 

through an auxiliary resistor (Raux), as illustrated in Fig. 7. 
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Fig. 6. OLED hardware emulator mounted in a PCB. 

TABLE III 

DISCRETE ELECTRONIC COMPONENTS FOR HE 

Symbol Quantity 
HE for Osram  

Orbeos CDW-031 

HE for Osram 

 Orbeos RMW-046 

OPA 1  LM358 LM358 

Q1, Q2 2 BD140 BD140 

D1, D2, D3 3 MUR4007 MUR4007 
Re  1 Trimpot 50x100 Ω Trimpot 50x100 Ω 

Rs  1  Trimpot 10x100 Ω Trimpot 10x100 Ω 

Rbi  1  Trimpot 1x103 Ω Trimpot 1x103 Ω 
Rp  1 Trimpot 50x104 Ω Trimpot 50x104 Ω 

Rp  1 Resistor 100 kΩ Resistor 100 kΩ 

Cg  2  Film Capacitor 1 μF Film Capacitor 1 μF 
Cg  1 Film Capacitor 680 nF Film Capacitor 390 nF 

Cd  4  Film Capacitor 1 μF Film Capacitor 1 μF 

Cd  1 Film Capacitor 820 nF - 

 

MUR4007
0.6V

    

If

350k 

IpIc
IRs

     

+

VRs

-

+

VRe

-

MUR4007
0.6V

    

Ib

+

VCd

-

+

VCg

-

+

VRp

-

+
-

10V

2.03V
+
-

2.47V

1μF 1μF 390nF

BD140BD140

LM358LM358

 μF  μF

10V

MUR4007
0.6V

Raux

   

-
+

Function 
Generator

+15V

-15V
TL082

+15V

OLED Hardware Emulator 
for Osram RMW-046

+

-

VHE

+

-

VRaux

 

Fig. 7. Laboratory setup considering the HE for Osram RMW-046. 

For the Osram Orbeos RMW-046, the proposed HE was 

implemented and supplied as shown in Fig. 7. As can be seen, 

an arrangement of commercial capacitors was used to attain the 
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desired value of capacitances, and potentiometers were used to 

adjust the resistance values as necessary. 

In a first test, the static behavior was verified. The function 

generator was set to generate a ramp current wave used to 

measure the I-V response of both the HE and the OLED. The 

forward current was configured to increase from 0 mA until the 

rated current of each OLED. Fig. 8 shows the comparison 

between OLED and HE voltage, represented by CH1 and CH2, 

respectively under current ramp variation (CH3). The CH4 

show the voltage of auxiliary resistor. 

Observing Fig. 8, there is a small difference, of 

approximately 350 mV, between VHE and VOLED, which 

represents an error of around 5% in the knee region of I-V 

curve. It was the maximum error observed. Similar results were 

obtained when the HE for Osram Orbeos RMW-046 was 

evaluated. 

CH4-VRaux

CH3-If

CH1-VOLED
CH2-VHE

 
Fig. 8.OLED hardware emulator verification for Osram Orbeos CDW-031. 

 The small discrepancies observed show that the HE is able 

to represent the static I-V characteristic of an OLED panel. 

For the verification of the dynamic behavior, a PWM 

waveform was used to modulate the current. The maximum 

current amplitude was configured to be equal to the rated 

forward current of each OLED, as shown in Table I. The 

capacitances Cg and Cd were obtained from the graphical C-V 

characteristic, as in [12]. Several tests were performed with the 

OLEDs under different operating frequencies of 10 Hz, 100 Hz, 

1 kHz and 10 kHz, and duty-cycles of 30%, 50% and 80%. 

The results obtained for the Osram Orbeos RMW-046 are 

shown in Fig. 9. From these results, it can be observed that there 

is a good agreement between the experimental results for the 

OLED and its HE. At low frequency (100 Hz), the HE is able 

to describe the slow time-constant response with a maximum 

voltage deviation of 400 mV, which represents an error of 9 % 

approximately, according to Fig. 9(a). The results were 

considered suitable from 100 Hz to 10 kHz because of the small 

errors observed, lower than 10%. Above 15 kHz, the error was 

more significant; the HE was unable to represent the OLED 

behavior with the desirable accuracy of 10%, which is justified 

by the limited bandwidth of the OPA used in the HE 

implementation. 

The OLED Osram Orbeos CDW-031 was also supplied with 

a PWM waveform for dynamic verification. The results are 

presented in Fig. 10, where VHE is slightly different from VOLED 

in some regions. From Fig. 10(c) the maximum error calculated 

was 5.33%, which represents 320 mV of deviation. The HE of 

the OLED Osram Orbeos CDW-031 was able to emulate the 

electrical behavior satisfactorily from 10 Hz to 1 kHz. Above 1 

kHz, the HE continues emulating the OLED behavior but with 

more discrepancy, presenting errors greater than 10%. 

The difference in frequency response between both OLEDs 

can be explained by their physical characteristics. Orbeos 

CDW-031 has an area slightly greater than Osram Orbeos 

RMW-031, which results in a greater capacitance. 

Consequently, the time constants that influence the OLED 

dynamic performance will affect the OLED behavior at each 

different frequency. 
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Fig. 9. Experimental comparison between HE and OLED Osram Orbeos 
RMW-046. 

Observing Fig. 9 and Fig. 10, it is possible to conclude that 

the HE response is very similar to that of the OLED. A small 

deviation is observed, which is justified by the non-idealities of 

the electronic components, as for example the limited 

bandwidth of the operational amplifier. These results show that 

the HE is able to emulate the OLED behavior under PWM 

operation in a wide range of frequency, and for different current 

amplitudes and duty-cycles. Moreover, when the light response 

under dynamic operation is important, the current through the 

resistance Rs provides an image of the light output, as 

previously stated in [11]. In order to verify the light response, 

the OLED was inserted in a black box and supplied with PWM 

current waveform. A light-to-voltage converter TSL254 was 

used to measure the luminance response (VLight). Such 

procedure was presented with more details in [14]. 

Simultaneously,  the  voltage  of  HE  series  resistor  (VRs) was  
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Fig. 10. Experimental comparison between HE and OLED Osram Orbeos 
CDW-031. 

measured with an oscilloscope. The obtained waveforms can be 

observed in Fig. 11, where CH1 is the luminance response, CH2 

is the forward current and CH3 is the voltage across Rs. 

Therefore, it is possible to use the voltage across Rs resistance 

of HE as a measurement of the OLED light output. 

 

 
Fig. 11. Light output verification in comparison with HE for Osram Orbeos 

RMW-046 under PWM current waveform with 50% of duty-cycle and             
1 kHz. 

V. CONCLUSION 

This paper has presented a hardware emulator based on a 

theoretical equivalent model that can be used to emulate the 

static and dynamic behavior of OLEDs. 

Two OLED panels used in lighting applications have been 

evaluated. The experimental results of the OLEDs operating 

under different frequencies, duty cycles and forward currents 

were compared with HE performance. The comparison shows 

good approximation, with an error lower than 10%, from 10 Hz 

up to 10 kHz for the OLED Osram Orbeos RMW-046, and from 

10 Hz up to 1 kHz for the OLED Osram Orbeos CDW-031. 

The results showed that the HE is able to quite accurately 

reproduce the static and dynamic behavior of an OLED. Some 

discrepancies were observed, particularly due to the 

simplifications made in the OLED capacitance value and the 

non-ideality of the electronic components employed in the HE 

implementation. 

As a conclusion, the proposed HE can be used as a tool to 

test and develop OLED drivers before manufacturing, saving 

time and cost in the design process of OLED lighting systems. 
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