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SC dc-dc converters with continuous-output regulation (COR) for delivering hundred-milliwatt 

output power have been recently reported [1, 2]. The control schemes of these converters can 

reduce both input-current ripple [1] and output-voltage ripple [2]. These converters, however, 

require one extra power transistor cascaded either in front of [1] or behind [2] the power stage 

for output regulation. The additional power transistor increases the chip area of the converter. 

This paper proposes a new control scheme for the regulated SC dc-dc converter to achieve COR 

without using any additional power transistor. Moreover, a three-stage switchable opamp in the 

proposed control is developed to improve both load-transient response and light-load power 

efficiency of the converter. 

 
Fig. 15.7.1 shows the structure of the regulated cross-coupled voltage doubler with the proposed 

pseudo-continuous control (PCC). In the cross-coupled power stage, there are eight power 

transistors Ml1-Ml4 and Mr1-Mr4, and two flying capacitors Cf1 and Cf2 for voltage conversion. 

The additional circuitries Mal, Mar, Ral and Rar are used to reduce both the shoot-through 

current and switching noise of the converter, while the increase in area due to the additional 

circuitries is insignificant [3]. With PCC, both Ml2 and Mr2 operate as regulation transistors, 

while other power transistors function as switches. Therefore, no extra power transistor is needed 

to regulate the output continuously. The proposed converter is area efficient. The principle of 

operation can best be discussed using the timing diagram in Fig. 15.7.2. The control mechanism 

operates in non-overlapping clock phases Φ1 and Φ2 alternately. When Φ2 = VDD, both power 
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transistors Mr2, Mr4 are off and Mr1, Mr3 are on, so the voltage across Cf2 is increased to ~VDD 

in the charging phase. At the same time, Ml2 and Ml4 are on and Cf1 is in the discharging phase. 

Since both switches SL1 and SL2 are off, an appropriate dropout voltage (VDO) is regulated across 

Ml2 by gain stages A1 and AL2 in the controller. The dropout voltage stacks on VDD that is stored 

in Cf1 in the previous half-clock period to provide the desired regulated output voltage Voreg, 

where Voreg ≈ VDO + VDD = (1+Rf1/Rf2)Vref. In the next half-clock cycle of Φ1 = VDD, the 

operating phases of Cf1 and Cf2 are swapped, so Voreg is maintained by regulating Mr2 using gain 

stages A1 and AR2. The above actions repeat in every clock period, so COR is achieved as 

illustrated by the waveform of Vo. Since both power transistors Ml2 and Mr2 are regulated 

alternately corresponding to the discharging phase of Cf1 and Cf2, respectively, the proposed 

mechanism operates at pseudo-continuous mode. The proposed PCC can also extend to other 

types of SC dc-dc converters with different cross-coupled power stages. 

 
Vo(1) and Vo(2) in Fig. 15.7.2 illustrate the output ripple in different load currents. Initially, the 

ripple increases with the load current. Due to COR, when the ripple amplitude reaches the limit 

defined by the load regulation, it stays constant with respect to the load-current change. Both 

upper and lower bounds of the output are maintained at particular values by varying VDO. Small 

ripple can thus be attained provided that the converter has large low-frequency loop-gain 

magnitude. Moreover, the load-transient response of the PCC converter is independent of a wide 

range of switching frequencies. The converter can achieve fast load-transient response by 

widening the loop-gain bandwidth and high light-load power efficiency by using low switching 

frequency simultaneously. 

 
To implement the PCC, gain stages in the controller cascaded with power transistors Ml2 and 
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Mr2 realize a three-stage switchable opamp. The three-stage switchable opamp can increase the 

low-frequency loop-gain magnitude and improve the load regulation in low-voltage condition. 

Both switchable second gain stages regulate the output or turn off alternately in every half-clock 

period to save the static current dissipation in the controller and to eliminate the use of serial 

complementary switches after second gain stages AL2 and AR2. The serial complementary 

switches are known to have turn-on problems in low-voltage condition [4], which limits the 

continuous regulation range of the controller. 

 
The stability and loop-gain bandwidth in low-power condition are determined by the frequency 

compensation of the three-stage switchable opamp. The time-multiplexed enhanced 

active-feedback frequency compensation (AFFC) is developed in the PCC converter and its 

topology is shown in Fig. 15.7.3. The enhanced AFFC consists of a damping-factor-control block 

and time-multiplexed active-capacitive feedback networks. Two compensation capacitors Cal and 

Car, with the positive gain stage Aa, establish an active-capacitive feedback network in every 

alternate half-clock period. The damping-factor-control block is located at the output of the first 

gain stage in order to eliminate the use of Miller capacitor. The enhanced AFFC can increase the 

loop-gain bandwidth in low-power condition; thereby improving the load-transient response of 

the converter in low switching frequencies. The time-multiplexed dynamic feedforward stage 

generates extra dynamic current to the output of either second gain stages AL2 or AR2, according 

to clock signals Φ1 and Φ2 in order to realize a push-pull effect at the gates of power transistors 

Ml2 and Mr2. The push-pull effect relaxes the slew-rate limitation of driving Ml2 and Mr2 in 

low-power condition. As both Ml2 and Mr2 can be turned on and off much faster during 

switching, the load-transient response is further improved. 
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The converter has been fabricated in a 0.6µm CMOS n-well process. The maximum output 

voltage is regulated at (2Vin-0.3)V. Fig. 15.7.4 demonstrates that the output ripple is maintained 

at 20mV when the load current increases from 50mA to 150mA. This justifies the 

continuous-output regulation provided by the proposed PCC. Fig. 15.7.5 shows that the same 

output load-transient recovery time of ~25µs is achieved with a load change of 100mA in 1µs for 

the switching frequency varying from 200kHz to 500kHz. Fast load-transient response is thus 

realized in a wide range of switching frequencies by using the proposed three-stage switchable 

opamp. Figs. 15.7.6 and 15.7.7 show the performance summary and the chip micrograph, 

respectively. 
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Fig. 15.7.1: System of pseudo-continuous regulated converter. 
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Fig. 15.7.2: Timing diagram of pseudo-continuous regulated converter.
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Fig. 15.7.3: Time-multiplexed enhanced AFFC for three-stage switchable opamp.
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Fig. 15.7.4: Measured output ripples in different load currents.



 Page 9

 
 

 
 
 

Fig. 15.7.5: Measured transient output voltages in different switching frequencies.
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Supply Voltage Range, Vin 1.5V – 3.2V 

Regulated Output Voltage, Voreg 
2.7V (Vin = 1.5V – 1.7V) 
3.3V (Vin = 1.8V – 3.2V) 

Switching Frequency Range 200kHz – 500kHz 
Filtering Capacitors (off-chip) 1µF 
Output Capacitor (off-chip) 2.2µF 
Output Current Range ≤150mA 
No-Load Input Current 180µA (fs = 200kHz) 
Output Ripple Voltage ∼20mV 
Glitch (at no-load condition) ∼3mV 
Line Regulation 0.27%/V (Vin = 1.8V – 3.2V) 
Load Regulation @ Vin = 1.8V 0.005%/mA (IL = 0 – 150mA) 
Power Efficiency @ Vin = 1.8V and 
fs = 200kHz 

Max. 90% 
≥87% (IL = 5mA – 150mA) 

Output Transient Recovery Time <25µs (IL step of 100mA) 
Technology 0.6-µm n-well CMOS (3-metal, 2-poly) 

 
 

Fig. 15.7.6: Performance summary.
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Fig. 15.7.7: SC dc-dc converter chip microgram 


