
Digitally Controlled Low-Power DC-DC Converter 
with Instantaneous On-Line Efficiency Optimization 

Amir Parayandeh, Chu Pang, Aleksandar Prodic  
Laboratory for Power Management and Integrated SMPS,  

ECE Department 
University of Toronto, 10 King’s College Road 

Toronto, ON, M5S 3G4, CANADA 
 

Abstract-This paper introduces a digital controller and a 
segmented power stage that dynamically change mode of 
operation to maximize power processing efficiency when 
highly dynamic loads are supplied. The controller operates 
as a mixed-signal peak current program mode voltage 
regulator, where a digital current reference is created and 
used for the efficiency optimization. The losses of the power 
stage are minimized by combining power stage 
segmentation and gate swing variation. Based on the 
current reference, in each switching cycle, the optimal 
number of power switch segments and gate drive voltages 
are set through a sequence controller and a novel dual-
output switch-capacitor circuit. The effectiveness of the 
system is verified on a 1.8 V, 5 W, 1 MHz buck converter 
prototype. The results show that the on-line optimization 
raises and flattens the efficiency curve and that, for 
dynamic loads, improves energy utilization by up to 20%.  

I. INTRODUCTION 

Emerging digital controllers for low-power high-frequency 
switch-mode power supplies (SMPS) [1-10] enable wider use 
of efficiency optimization techniques. These techniques 
usually minimize converter losses under light and medium 
loads, as well as under other suboptimal conditions, where the 
efficiency of a converter is below its peak value. This 
efficiency improvement is especially important in portable 
applications, where the source of energy is limited, and the 
supplied devices operate in suboptimal regions over a long 
time [9]. 

In comparison with commonly used analog controllers, 
digital systems are better suited for the implementation of most 
efficiency optimization techniques. This is because these 
techniques often require flexible controllers that can 
dynamically change parameters such as switching frequency 
[11], non-overlapping times [12] or/and perform switching 
between pulse-frequency and pulse-width modes of operation 
[21]. Furthermore, some techniques also involve modification 
and dynamic reconfiguration of the power stage [13] and gate 
drive circuit [19]. To minimize the sum of conduction and 
switching losses using segmentation techniques in the power 
stage,[9]-[11], a power MOSFET and its gate driver are 
divided into smaller segments operating in parallel, as shown 
in Fig.1, and the number of active segments is dynamically 
changed, depending on the load conditions in the circuit. In the 
gate swing scaling techniques [19] by varying transistor’s gate 
drive voltage, a trade off between its Ron resistance and the 
gate charge is performed in such a way that, for a given 
operating conditions, the total losses are minimized. Recent 
publications show implementation of most of previously 
mentioned techniques with digital controllers [8]-[12]. The 
controllers estimate the steady-state operating point and, 
accordingly, adjust the SMPS operation such that the 
efficiency is maximized.  

Since the optimization algorithms rely on a relatively slow 
estimation, the benefit of these methods becomes limited in 
situations when the load changes frequently. Examples include 
numerous electronic loads such as signal processors, graphical 
cards, and displays. Their dynamic load behavior causes the 
SMPS to operate in suboptimal region most of the time. 

Even more, in some cases, the optimization methods can 
become counterproductive resulting in efficiency degradation 
caused by the hardware overhead needed for the optimizer 
implementation. To minimize the reaction time of the 
optimizers, load predictive systems for digital loads were 
proposed [9]. By communicating with the load and analyzing 
its processed data stream, the system predicts the load current 
and, consequently, adjusts the power stage parameters.  

The predictive optimizers significantly improve the 
efficiency under dynamic loads but still result in suboptimal 
operation, due to systems delay and often unknown relation 
between the processed data stream and the current data taken 

 
        
        Fig.1.: Digitally controlled buck converter with instantaneous  
        efficiency optimization. 
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by the load. The primary objective of this paper is to present a 
digitally controlled SMPS that provides instantaneous 
efficiency optimization, and as such is well suited for operation 
with highly dynamic load. The SMPS of Fig.1 does not require 
communication with the load  nor any prior knowledge about 
its behavior. Based on the inherently available information 
about the peak current value, in each switching cycle, the 
system sets the mode of operation such that the sum of 
conduction and switching losses is minimized.  

II. SYSTEM DESCRIPTION AND PRINCIPLE OF OPERATION  

Fig.1 shows the architecture of the system implemented in 
this work. The controller operates as a modification of mixed-
signal peak current programmed mode controller [15]-[18], 
where the voltage loop is digital and the internal current loop is 
implemented in analog manner. The output voltage error is 
measured and converted into its digital equivalent e[n] with a 
windowed analog-to-digital converter (ADC) [16]. Based on 
the error signal, a digital compensator creates current reference 
ic[n]. This value is passed to a simple Σ∆ digital-to-analog 
converter (DAC) [16], which sets the limit for the peak 
inductor current during each switching cycle and is also used in 
the optimization process.  

Three unique modifications of this structure are described in 
the following sections and illustrated in Figs. 1 and 2.  

A. Power Stage 
In this converter, benefits of two known optimization 

techniques are combined to obtain a fairly simple 
implementation and high efficiency over the full range of 
operation. As it is described in the following section, to obtain 
high efficiency over the full range using segmentation only, a 
relatively large number of segments or a binary scaling of the 
transistors is required [8]. The consequence is that, in on-chip 
implementation, a fairly complicated layout of the transistors 

and gate drive circuit increasing overall size of the power stage 
is needed. Even a bigger problem is that the parasitic 
components of the layout can cause significant delays of some 
segments, unequal current distribution during switching 
transients, and consequent current breakdown of the circuit 
under heavy load conditions [13]. On the other side, the sole 
implementation of the gate swing technique is not optimal 
either. It will require only one large pair of power switchers, 
but the obstacle is that a relatively large and powerful variable 
supply voltage circuit is needed to provide sufficient gate 
charge for the power MOSFETs. In the implementation shown 
in this paper, the benefits of both methods are utilized. As 
shown in Fig.1, the power stage is created of only three 
segments and the gate voltage of one segment is varied. As a 
result the power stage implementation is significantly 
simplified and, at the same time, the use of a small gate- 
voltage supply circuit is allowed. At heavier loads two or three 
transistors of the segmented stage are active.  At lighter loads 
only one transistor is active and its gate voltage is modified.  

B. Dual output switch-capacitor (SC) circuit  
To implement the gate-voltage swing optimization method, a 
solution that allows changing the gate-drive voltage, Vgate ,  in a 
certain range without degrading efficiency is required . To 
maximize the efficiency, we propose a switch-capacitor (SC) 
circuit that only operates at certain discrete voltages, and 
supplies the smallest segment in the power-stage. Fig.2.b 
shows the circuit diagram of the SC circuit and the switch-
configurations for generating different gate-drive voltages. The 
SC circuit is controlled by the gate swing controller block 
shown in Fig2.a, which consists of the gate swing controller 
FSM (Finite-State-Machine) and the switch cap Controller 
blocks. Based on the value of ic[n] the FSM block sets a 3-bit 
gain_sl signal that is used by the switch cap Controller block 
to select the respective combination of switches S[17:0]. In 

 
 
 
Fig.2 from left (a) Gate-Swing Controller Architecture (b) Switch-Capacitor Circuit diagram and switch-configurations for generating different gate-
drive voltages , c) circuit modifications and waveforms for simultaneous gate-voltage swing scaling on both power MOSFETs. 
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order to adjust the gate voltage swing simultaneously on both 
MOSFETs , generally a separate switch-capacitor circuit is 
required for the PMOS transistor increasing the size and cost of 
the power stage considerably. To avoid this, a single switch-
capacitor circuit is used in this work by modifying the power-
stage as shown in Fig 2.c. As the associated waveforms show, 
an additional PMOS transistor Q1 is used, to pull Pgate to Vin 
and turn the PMOS switch off during the second subinterval. 
During the first subinterval the gate-driver signal P(t)  with 
voltage swing of Vgate, is ac-coupled to the gate of the PMOS 
switch using capacitor Cx, therefore adjusting the gate voltage 
swing  to Vin - Vgate as desired. The dual output switch-
capacitor circuit proposed in this work allows for gate voltage 
swing scaling of both PMOS and NMOS power switches 
without requiring a large circuit therefore reducing the size and 
cost of the SMPS. 

C. Controller 
   The controller implementation of Fig.1 significantly differs 
from traditional steady-state estimator-based controllers [10]. 
In this case, the current reference ic[n] is used not only for the 
output voltage regulation, but also as the signal for governing 
on-line optimization. Based on ic[n] value gate swing 
controller and segment selector configure the power stage so 
that for a given peak current the total losses are minimized.  

III. EFFICIENCY OPTIMIZATION AND MODE SELECTION 
CRITERIA  

   This section briefly reviews losses in power MOSFETs and 
describes criteria used for the efficiency optimization The 
dominant sources of losses in high frequency SMPS are gate-
drive and conduction losses associated with power 
MOSFETs[10-14].  The conduction loss can be approximated 
with the following equation [10,14]    

       NdsonNrmsPdsonPrmscond RiRiP ,,
2
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Where PdsonR ,  and NdsonR ,  are PMOS and NMOS on-

resistances respectively. Ignoring the interconnect resistance, 
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where 0dsR is defined by process parameters and width of one 

segment, K is number of segments in power stage, Vg is the 
gate-voltage swing of the MOSFET and Vth is the device 
threshold voltage. The gate drive losses can be described with 
the following equation [14]                  

  sgPgNgsgPgNgg fVCCKfVQQKP 2
,,,, )()( +=+=         (3)  

,where PgC ,  and NgC ,  are PMOS and NMOS gate 

capacitances associated with charging and discharging the 
MOSFETs in one segment.  For a given process technology the 
product of gate charge and on-resistance is fixed. Therefore to 
improve efficiency over the load range, the number of 
segments in the power stage and the gate drive voltage can be 
changed to continuously optimize the trade-off between the 
conduction losses and gate drive losses. To determine the 
optimal operating sequence, for each load condition, the 
efficiency of the system is modeled and shown in Fig.3. As 
discussed above, the trade-off between the gate-drive and 
conduction losses can be optimized by changing the gate 
voltage swing and number of segments at different output 
currents, as shown in Figs.3.a and 3.b. For the load current 
range of 100mA-1A, Fig3.a gives the current threshold values 
for scaling the gate-voltage swings in order to optimize the 
efficiency as shown in Fig3.c. For the load current range above 
1A , Fig3.b gives the current threshold values for adjusting the 
number of segment in order to achieve the optimized curve 
shown in Fig3.c.  The threshold values are stored in gate-swing 
and segment controllers. Fig3.c demonstrates that combining 
both efficiency techniques will result in a far better efficiency 
improvement over the entire load range.  
 

 
        Fig3. a) Efficiency curves as the gate-voltage swing increases, b) Efficiency curves as the number of segments increase c)Efficiency optimization that      
        can be achieved by the combination of two methods.  

978-1-422-2812-0/09/$25.00 ©2009 IEEE 161



IV. EXPERIMENTAL RESULTS  

Based on the block diagram of Fig.1 an experimental system 
was build. The 5V-1.8V, 3 W converter consists of three 
segments with L = 2.2 μH, C = 47 μF, and fsw = 1 MHz. The 
ADC and programmable reference voltage were implemented 
on an application specific integrated circuit and previously 
discussed in [16]. The controller including the Σ∆ DAC is 
implemented on an FPGA board with the exception of Σ∆ 
DAC filter and the comparator.   

To verify the effectiveness of the system, two sets of 
experiments are performed. The efficiency of the optimized 
power stage is compared with the non-optimized power stage 
as well as with a stage utilizing steady-state estimation-based 
optimizer [10].      

A. Steady state efficiency improvements  

Fig.4 shows the steady-state efficiency improvements 
achieved with using the optimization method discussed in this 

paper. In the light load region, compared to the non-optimized 
operation the efficiency is improved by as much as 20% using 
gate-voltage swing scaling. Additionally, in the medium range, 
where segments adjustment is implemented, the efficiency is 
improved by 8%. Fig.4. also shows that combing the two 
methods described in this paper results in improved efficiency 
compared to implementing only one method. 

B. Dynamic Behavior  

Fig.5 shows the dynamic response of the converter with 
segmented operation. Upon a load transient, the controller 
adjusts the segment configuration signal  seg_en[n] in 
accordance with the change of the current reference ic[n], 
shown at the output of Σ-Δ DAC as vc(t). Fig.6 shows the 
transient response of the converter with gate-swing scaling 
operation.   As the load changes from 500mA to 1A, the gate 

swing controller updates the gain_sl from 011 to 100 and 
finally 101, thereby increasing the gate voltage swing 
dynamically to offset the effect of increased conduction losses 
in power MOSFETs.  Fig 7 compares the dynamic response of 

 
Fig.4. : Efficiency improvements with the optimization controller 

presented here. 

 
Fig.5: Dynamic response with segmented operation. Ch1: Output 
converter voltage (50mV/div); Ch2: analog current command 
(500mV/div);  Ch3: Second Segment gate signal (5V/div) ; Ch4: load 
step command;  D0-D3: ADC error e[n]; D9-D11: Segment Enable 
signal; Time scale is 10μs/div. 

Fig.6.: Dynamic response with gate-swing scaling operation. Ch1: 
Output converter voltage (100mV/div); Ch2: analog current command; 
(500mV/div); Ch3: PMOS gate-swing voltage (5V/div) ; Ch4: NMOS 
gate-swing voltage(5V/div); D7: load step; D0-D3: ADC error, 
e[n];D9-D11:SC gain select signal; Time scale is 10μs/div. 
 

          Fig.7.: Dynamic response with estimation-based optimizer and      
           instantaneous online optimizer. Ch1: Output converter voltage     
          (50mV/div); Ch2: load step command. D0-D3: ADC error, e[n];D9-     
          D11: Segment Enable signal for instantaneous optimizer; D13-D15:    
         Segment Enable signal for steady-state estimation-based optimizer ; 
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the converter under two different cases, with the optimization 
controller presented in this work and with steady-state 
estimation-based optimizer [10]. The operation of this 
estimation-based optimizer is described as follows. Upon 
detecting a load transient all segments are turned on to avoid 

over-stressing the power MOSFETs for the worst case scenario, 
the controller remains in this state until steady-state error e[n] 
= 0 is detected (period 1). The controller then counts for few 
cycles while e[n] = 0 (period 2) and adjusts the segments for 
the new load current value. If the load current is less than 
maximum, during this time, the steady-state optimizer operates 
in a sub-optimal mode. This is because of increased switching 
losses due to active operation of all the segments. On the other 
side, the new instantaneous optimizer sets the optimal segment 
configuration for the instantaneous current.  
  Figure 7 compares the measured losses for the two 
configurations. The results show that the steady-state 
estimation-based optimizer will result in extra energy 
consumption during transients, which depends on the 
frequency of the load change. The energy consumption under 
both methods is measured at different load step frequencies. 
Figure 8 shows that dynamic optimization controller results in 
20% peak energy savings at 14 kHz load change frequency. 

V. CONCLUSION  

In this paper a digital controller is introduced that 
dynamically changes mode of operation in a segmented power 
stage to maximize power processing efficiency when highly 
dynamic loads are supplied. The controller operates as a 
mixed-signal peak current program mode voltage regulator, 
where a digital current reference is created and used for the 
efficiency optimization. The losses are minimized by 
combining two methods. Based on the current reference, in 
each switching cycle, the optimal number of power switch 
segments and gate drive voltages are set through the controller 
and a dual-output switch-capacitor circuit.  A prototype system 
was build to verify the effectiveness of the system. The results 
show that the on-line optimization improves efficiency by as 

much as 20% in light load region and 8% in medium load and 
that, for dynamic loads, improves energy utilization by up to 
20 %. 
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Fig.8. : Energy savings with instantaneous online optimizer  versus    
estimation-based optimizer 
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