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Abstract—A negative single-input/multi-output (SIMO) 

LED driver is proposed in this paper. Unlike the 

conventional LED driver using SIMO boost converters, the 

proposed LED driver using an SIMO buck-boost converter 

offers a negative stepped-down voltage to drive LED’s 

cathodes. By turning on output switches in rotation during a 

transferring process, the proposed driver can suppress the 

imbalance among output currents. This paper also presents 

a novel analysis method to estimate properties of the SIMO 

LED driver using a buck-boost converter. By assuming a 

five-terminal equivalent circuit, the proposed analysis 

method can derive the power efficiency and output voltages 

without complex matrix calculations. The theoretical 

analysis and experiments show the effectiveness of the 

proposed SIMO LED driver.  

 

Index Terms—DC-DC converters, buck-boost converters, 

switching converters, negative outputs, white LEDs, back-

lighting applications 

 

I. INTRODUCTION 

As one of the most ideal backlight solutions, a light-

emitting diodes (LEDs) backlighting has been used in 

electronic appliances. To drive LEDs, several types of 

switching converter topologies have been proposed [1]-

[12]. These converter topologies can be divided into two 

types: capacitor-based converter topology and inductor-

based converter topology. 

In the capacitor-based LED driver, a single-

input/single-output (SISO) charge-pump has been 

commonly used [1], [2], where a positive stepped-up 

voltage is generated to drive the LED’s anodes. The 

charge-pump can realize no flux of magnetic induction, 

small volume, and light-weight, because no magnetic 

                                                           
Manuscript received May 18, 2015; revised August 6, 2015. 

component is required. However, when the LEDs are 

mismatched, the charge-pump must switch to step-up 

mode due to the bad forward voltage of only one LED. 

To overcome this problem, Kim suggested the SISO LED 

driver using a negative charge-pump [3]. By employing 

the individual mode switching, the negative charge-pump 

achieves high power efficiency. However, it is difficult to 

improve power efficiency further, because the conversion 

ratio of capacitor-based converters is predetermined by 

circuit structure. For this reason, energy loss caused by 

linear current regulation is considerably large. 

On the other hand, an SISO boost converter has been 

widely used [4], [5] in the inductor-based LED driver. 

Unlike the capacitor-based LED drivers [1]-[3], the 

output voltage of the inductor-based LED driver can be 

adjusted by controlling the duty cycle of clock pulses. 

Therefore, the inductor-based LED driver achieves higher 

efficiency than capacitor-based LED drivers. Following 

this study, the LED drivers using an SISO buck-boost 

converter have been proposed [6]-[9] to regulate the LED 

currents supplied with a wide-range input voltage source. 

As in the case of the negative charge-pump, the LED 

driver using a buck-boost converter drives the LED’s 

cathodes. However, the circuit size of the inductor-based 

LED driver is larger than that of the capacitor-based LED 

driver, because the inductor-based LED driver requires 

magnetic components. 

For this reason, in order to reduce the number of 

magnetic components, a single-input/multiple-output 

(SIDO) switching converter [10]-[12] has been proposed 

in recent years. Fig. 1 illustrates the block diagram of the 

LED driver using a positive SIMO converter. In the 

conventional driver shown in Fig. 1, a positive stepped-

up voltage is provided to drive the LEDs’ anodes. For 

example, He et al. suggested the SIMO LED driver using 

a flyback converter [10]. However, the conventional 
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driver reported in [10] is bulky, because the driver 

reported in [10] requires a transformer. As distinct from 

the LED driver using a transformer, Hong et al. proposed 

the SIMO LED driver using a boost converter [11]. By 

using a non-isolated converter, the conventional driver 

reported in [11] can achieve smaller size than the driver 

reported in [10]. However, as described in [12], the 

power efficiency of the LED driver reported in [11] 

decreases significantly due to a linear current regulation 

element for each channel. To overcome this problem, 

Kim et al. suggested the SIMO LED driver using a boost 

converter with a time-division multiplexing conduction 

scheme. By turning on output switches by N+1 (=2, 3, 

…)-phase clock pulses, the LED driver reported in [12] 

can eliminate linear current regulation elements. 

 

Figure 1.  Block diagram of the LED driver using a positive SIMO 
converter. 

In this paper, we propose a negative SIMO LED driver. 

Unlike the conventional SIMO LED drivers, the proposed 

LED driver employs a buck-boost converter to drive 

LED’s cathodes, because the LED driver using an SISO 

buck-boost converter can achieve not only a wider input 

range but also better performance than the LED driver 

using a SISO boost converter as described in [9]. 

Furthermore, by turning on output switches in rotation 

during a transferring process, the proposed driver can 

suppress the imbalance among output currents. 

This paper also presents a novel analysis method to 

estimate properties of the SIMO LED driver using a 

buck-boost converter. In the traditional theoretical 

analysis of a switching DC-DC converter with magnetic 

elements, the state-space averaging method has been 

commonly used [13]-[15]. However, the state-space 

averaging method requires complex matrix calculations. 

By assuming a five-terminal equivalent circuit, the 

proposed method derives the power efficiency and output 

voltages without complex matrix calculations. To confirm 

the validity of the proposed converter, theoretical analysis 

and experiments are performed. 

The rest of this paper is organized as follows. In 

Section 2, the circuit configuration of the proposed driver 

is presented. In Section 3, the property of the proposed 

driver is analyzed by the proposed analysis method. 

Experimental results are shown in Section 4. Finally, 

conclusion and future work are drawn in Section 5. 

II. CIRCUIT CONFIGURATION 

Fig. 2 illustrates the circuit configuration of the 

proposed SIMO LED driver with N (=2, 3, 4, …) outputs. 

Unlike the conventional SIMO LED drivers [9]-[11], a 

buck-boost converter is employed in the proposed SIMO 

LED driver. The basic operation of the proposed driver is 

as follows. When the transistor switch S0 turns on, the 

inductor L is charged by the input voltage Vin. Next, the 

output switches S1, S2, …, SN are turned on in rotation. In 

State-T1 - TN, the LED’s cathodes are driven by a 

negative stepped-down voltage, where the turn-on 

sequence of S1, S2, …, SN is permutated. Unlike the 

conventional control method described in [12], the 

switches S1, S2, …, SN of the proposed driver are turned 

on in rotation by N-phase clock pulses. (See in Fig. 2.) 

To help readers’ understanding, let us discuss the 

simplest example of the proposed driver shown in Fig. 3. 

In Fig. 3, State-T0 is the charging process of the inductor 

L and States-T1 and T2 are the transferring process. In the 

transferring process, the turn-on sequence of S1 and S2 is 

permutated to suppress the imbalance among LED 

currents. (See in Fig. 3.) Therefore, the output voltages 

are expressed as if the duty cycle D is set to T0/T and the 

proposed driver operates in a continuous conduction 

mode (CCM). 

1 2

1
out out in in

D
V V V V

D
  



 
 
 

 

 

 

Figure 2.  Proposed LED driver using a single-input multiple-output 
buck-boost converter. 

 

Figure 3.  Proposed LED driver with two outputs. 

The detailed theoretical analysis concerning the 

proposed driver will be described in the following section. 
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III. THEORETICAL ANALYSIS 

A. Proposed LED Driver 

To analyze steady-state behavior of the proposed 

driver, theoretical analysis is performed concerning the 

proposed driver with two outputs. By assuming a five-

terminal equivalent circuit illustrated in Fig. 4, the 

proposed analysis is performed, because it is known that 

the general equivalent circuit of the single-input single-

output SC DC-DC converter can be expressed by a four-

terminal circuit [16], [17]. In Fig. 4, m is the ratio of an 

ideal transformer, Rac is the resistance to express the 

ripple loss of a reactor, Ro12, Ro1, and Ro2 are output 

resistances, and RL1 are RL2 output loads. Unlike the state-

space averaging method [13]-[15], the proposed analysis 

method derives these parameters from instantaneous 

equivalent circuits without complex matrix calculations. 

To save space, the theoretical analysis will be discussed 

concerning the proposed driver operating in CCM.  

 

Figure 4.  Proposed five-terminal equivalent model. 

 
(a) 

 
(b) 

 
(c) 

Figure 5.  Instantaneous equivalent circuits of the proposed driver: (a) 
State-T0, (b) State-T1, and (c) State-T2. 

 

Figure 6.  Inductor current. 

Fig. 5 illustrates the instantaneous equivalent circuits 

of the proposed driver with two outputs, where Ron is the 

on-resistance of the transistor switch, Rd is the on-

resistance of the diode switch, Rl is the resistance of the 

inductor, L is the ideal inductor, and Vth is the threshold 

voltage of the diode switch. When the proposed driver 

operates in CCM, the current through the inductor L is 

expressed as shown in Fig. 6. In Fig. 6, the inductor 

currents in State-T0, T1 and T2 are expressed as: 
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And: 
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where: 

0
T DT                                    (4) 

 
1 2

1T T D T                              (5) 

And: 
2

0

i

i

T T


                                   (6) 

In (1)-(3), ΔiL is the variation of the inductor current 

(see Fig. 6). Using (1) - (3), the variation of the inductor 

current in State-T0 is given by: 

   
0 0

, 0 ,
0

L L T L T
i i T i    

0

0

1 T
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V dt
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in
V
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L

                                          (7) 

On the other hand, the variation of the inductor current 

in State-T1 and T2 is given by: 

   
2 1

, , 0L L T L T
i i T i T    

0

1 T

L
T

V dt
L

    

 
1 2

L
V

T T
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where VL denotes the voltage of the inductor. From (7) 

and (8), we have the following relations: 

1
L in

D
V V

D
 



 
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 

 and 
1

L in

D
I I
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
 

 
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         (9) 
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where IL is the average inductor current and Iin is the 

average input current. From (9), the parameter m in Fig. 4 

is obtained as: 

1

D
m

D
 



 
 
 

                            (10) 

Next, in order to derive the output resistances Ro12, Ro1, 

and Ro2, the consumed energy in one period is discussed. 

From Fig. 5, the consumed energy WT can be expressed 

as: 
2

0

T Ti

i

W W


                               (11) 

where: 
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And: 
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Therefore, using (1)-(6), (12), (13), and (14), the total 

consumed energy in one period is obtained as: 
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From Fig. 4, the consumed energy of the five-terminal 

equivalent model can be defined as: 
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where: 
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Therefore, from (15) and (16), we have the resistances 

Ro12, Ro1, Ro2, and Rac as follows: 
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And: 

     
  dlonac RDRR

L

ZDTD
R 


 1

12

1
2

2'22

  (20) 

where: 
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Using (10), (18), (19), (20), and (21), the equivalent 

circuit of the proposed driver can be expressed by Fig. 7. 

The value of Ro in Fig. 7 completely is equal to the value 

Ro derived by using the state-space averaging method. In 

the CCM, Rac becomes much smaller than Ro. 

 

Figure 7.  Equivalent circuit of the proposed driver. 

From Fig. 7, the power efficiency and the output 

voltage of the proposed driver can be derived as: 
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Equations (22) and (23) can be rewritten as: 
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If the output loads satisfy RL1=RL2=RL. As (22)-(25) 

show, the proposed analysis method can estimate the 

characteristics without complex matrix calculations. 

 

Figure 8.  Conventional driver with two outputs. 

 

Figure 9.  Five-terminal equivalent model for the conventional driver 
with two outputs. 

 
(a) 
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(b) 

 
(c) 

Figure 10.  Instantaneous equivalent circuits of the conventional driver: 

(a) State-T0, (b) State-T1, and (c) State-T2. 

B. Conventional LED Driver 

Fig. 8 illustrates the conventional LED driver using a 

boost converter with two outputs. The steady-state 

behavior of the conventional driver is analyzed by 

assuming a five-terminal equivalent circuit shown in Fig. 

9. The instantaneous equivalent circuits of the 

conventional driver are expressed as Fig. 10, where the 

proposed control method is used to compare the 

characteristics of the conventional driver with that of the 

proposed driver. In Fig. 10, the current through the 

inductor L is also expressed as shown in Fig. 6. Therefore, 

the inductor currents in State-T0, T1 and T2 are expressed 

as (1), (2), and (3), respectively. In Fig. 8, the variation of 

the inductor current in State-T0 is given by: 
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On the other hand, the variation of the inductor current 

in State-T1 and T2 is given by: 
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From (26) and (27), we have the following relations: 
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Therefore, the parameter m in Fig. 9 is obtained as: 
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1
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As in the same way, the total consumed energy of the 

conventional driver is expressed as (15). On the other 

hand, the consumed energy of Fig. 9 can be defined as: 
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Therefore, from (15) and (30), we have the resistances 

Ro12, Ro1, Ro2, and Rac as follows: 
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As (19) and (33) show, the output resistance of the 

proposed driver, Ro12, is smaller than that of the 

conventional driver, because 0<D<1. Therefore, from 

(23) and (25), the proposed driver can achieve higher 

efficiency than the conventional driver. 

IV. EXPERIMENT 

In the experiments, we focused on the verification of 

the circuit topology. Therefore, the experimental circuit 

was built with commercially available ICs on a bread 

board. Concretely, the experimental circuit of the 

proposed converter with two outputs was built with 

photo-MOS relay AQV212, Darlington sink driver 

TD62004 APG, microcontroller PIC12F1822, and diode 

1N4007 on a bread board, where Vin = 3V, Cout1 = Cout2 = 

10μF, L=10mH, T=600Hz and RL1=RL2=3kΩ.  

Fig. 11 shows the measured clock pulses, where Fig. 

11(a) describes the traditional control method and Fig. 

11(b) describes the proposed control method. As Fig. 

11(b) shows, the switches S1 and S2 is turned on in 

rotation. 

 
(a) 
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(b) 

Figure 11.  Measured clock pulses: (a) traditional control method and (b) 

proposed control method. 

 
(a) 

 
(b) 

Figure 12.  Measured output voltages: (a) traditional control method and 
(b) proposed control method. 

Fig. 12 shows the measured output voltages. In the 

traditional control method of Fig. 12(a), the output 

voltages Vout1 and Vout2 are -2.27V and -1.00V, 

respectively. On the other hand, in the proposed control 

method, the output voltages Vout1 and Vout2 are -1.77V and 

-1.81V, respectively. As Fig. 12 shows, the proposed 

driver can reduce the current balance error. Concretely, in 

the conventional driver, the difference between the output 

currents Iout1 and Iout2 is 0.42mA. On the other hand, in 

the proposed driver, the difference between the output 

currents Iout1 and Iout2 is 15.1μA. In this case, the current 

balance error of the proposed driver is 0.47%. 

V. CONCLUSION 

A single-input/multi-output (SIMO) LED driver and its 

analysis method have been proposed in this paper. The 

results of this study are as follows: 1) By assuming a five-

terminal equivalent circuit, the output voltages and power 

efficiency of the proposed SIMO LED driver were 

obtained without complex matrix calculations. The 

derived theoretical formulas will be helpful to estimate 

the characteristics of the proposed SIMO LED driver. 

Furthermore, theoretical results demonstrated that the 

proposed driver can achieve higher efficiency than the 

conventional driver; and 2) By turning on output switches 

in rotation, the imbalance among output currents was 

suppressed. In the proposed driver with two outputs, the 

current balance error of the proposed converter was 

0.47%. 

The detailed experiment of the proposed converter is 

left to a future study. 
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