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Abstract — The design of a Class-D amplifier with very high 

efficiency is presented. The efficiency, rated output with +/- 1.85v 
supply, and THD makes this design usable as a portable audio 
headphone amplifier. The amplifier presented modifies the 
conventional Class-D stage to add an attenuation block in the 
feedback path allowing for a more precise error control. 
 

Index Terms—Class D, power amplifier, audio 
 

I. INTRODUCTION 

HE DESIGN of portable consumer devices presents an 
array of challenging engineering problems. Very high 
efficiency and small size are two of the most critical 

problems. High efficiency leads to longer battery life and the 
ability to pack circuits closely while small size allows for 
greater functionality from a device of a given size. 
 In devices where audio output is needed, the output stage is 
paramount to an efficient design. The Class-A/B and Class-B 
output stages commonly used in consumer audio have poor 
efficiencies between 15% and 78.5%. The Class-D type output 
stage can have much higher efficiency, theoretically up to 
100% [1] [3] [5]. Due to its high efficiency, this type of stage 
is a very good choice for an audio output stage in portable 
devices.  
 

II.  PROJECT DEFENITION 

 The goal of this project was to execute the design and layout 
of a Class-D output. This stage should be capable of driving a 
set of ideal headphones with a purely resistive impedance of 
32� . The common 3.7V supply found in portable music 
players, such as an iPodTM would be used. The input to the 
circuit would be a line-level, 1Vpk-pk signal. The input 
impedance of the circuit would be greater than 100K� . The 
system would be implemented using a .5� m process. The 
following table summarizes the requirements.  
  
Table 1: Project requirements 
Parameter: Requirement: 
Load impedance 32�  
Supply Voltage ± 1.85V 
Input Voltage ± 500mV 
Input Impedance 100K�  

 
 

III.  TOPOLOGY 

 The general topology of a Class-D circuit commonly 
involves six stages: controller, modulation, anti shoot-through, 
driver, output, and low pass (L.P.) filter stages [1] [5]. The 
feedback scheme, controller type, and input signal injection 
point varies between designs. The basic topology from which 
this design originates appears below in Figure 1: 
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Figure 1: A basic single-ended output Class-D topology 
 
 This arrangement of the controller stage, modulation stage, 
and feedback was chosen for two reasons: very high input 
impedance and an intuitive input to the modulation stage. 
Analysis of the opamp in integrating configuration while 
ignoring initial conditions results in the following equation: 
 

 �
��� ���� ��

ErrorTerm

t

fbin

lInputSigna

inopampout dtVV
RC

VV � -+=-
0

][
1

   (1) 

  
 The output of the opamp is the summation of the input 
signal and an integrated error term. This result clearly shows 
that for the configuration in Figure 1 in steady-state, the 
average of the fedback signal VFB will converge towards the 
input signal VIN. This will minimize the steady-state error in 
the pulse-width modulation (PWM) stage.  
  This basic topology results in an ideal gain of 0dB. If more 
gain is desired, the input Vin can be amplified by a 
preamplifier [1], or the fedback signal Vfb can be attenuated. 
The latter approach was taken in this project because 
comparable gain can be achieved without the use of a fully 
rail-to-rail input opamp.  
 To maximize the output power, a bridge-tied load (BTL) 
configuration can be used to achieve four times the maximum 
power output compared to a single ended output [1] [4]. The 
finalized high level diagram of the proposed Class-D amplifier 
appears below: 
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Figure 2: Final high level diagram of proposed Class-D amplifier,  
enlarged figure appears in attachments section 
 
 In this configuration, equation (1) is modified as follows: 
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IV. CIRCUITS AND DESIGN TECHNIQUES 

A. Controller and PWM Stage  

The switching frequency of the carrier signal, fsw,  has a large 
effect on the efficiency of the system. The fsw was chosen  
during simulation to adjust the efficiency of the system near 
95%. This efficiency occurred at fsw = 450KHz. 

To achieve the highest possible gain from the circuit, the 
duty cycle D output from the PWM stage should be maximized 
for a maximum input voltage. In this project, the maximum D 
is set to 0.99. To achieve this, the magnitude of the carrier 
signal Vcarrier should be adjusted with respect to the maximum 
input voltage Vinmax. Assuming the error voltage is very small 
with respect to Vinmax and Vcarrier, the error term is ignored. The 
following waveforms are the result: 
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Figure 3: Waveforms of modulation stage with Vin at Vinmax= 
500mV 

 
 The following derivation relates Vinmax to Vcarriermax: 
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 From equation (3), the amplitude of the carrier voltage with 
D=0.99 is Vcarriermax = 510mV. To ensure that the system is 
stable at the maximum duty cycle, the steady state error term 
must be zero. This is done by adjusting the attenuation factor 
K. The following derivation relates K to the maximum duty 
cycle D.  
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 From equations (3) and (4): 
 

 maxmax fbcarrier VKV ´=     (5) 

 
 With equations (4) and (5), the following values were 
obtained for the controller and modulation stage: 
 
 



INDIVIDUAL STUDENT PROJECT: CLASS-D AMPLIFIER DESIGN – MAY 28, 2007 
 

3 

 
Table 2: Calculated values for controller and modulation stage 
Parameter: Calculated Value: 
Attenuation Factor K = 275.8mV/V 
Carrier Signal Amplitude Vcarriermax = 510mV 
 
 
B. Operational Amplifier 
 The opamp to be used in this system needed to have an 
input swing Vswingin large enough to accommodate the line-
level input signal. From equation (2), the output swing, 
Vswingout, needed to accommodate the magnitude of the input as 
well as an error term. To avoid loading the previous stage, the 
input impedance of the amplifier in the integrating 
configuration needed to exceed 100K� . The amplifier also 
needed to have a bandwidth (BW) much greater than the 
frequency of the carrier signal, fsw [1]. The requirement was 
chosen to be: 
 

   100´³ swfBW      (6) 

 
 A very high open-loop dc gain a0, greater than 70dB, was 
also desired for high linearity. Finally, power consumption by 
this circuit lower than 1% of the maximum system output 
power was necessary for sufficient efficiency. A summary of 
these requirements appears in the following table: 
 
Table 3: Operational amplifier requirements with load 
capacitance CL = 2pF 
Parameter: Requirement: 
Input Voltage Swing Vswingin > 1V 
Output Voltage Swing Vswingout > 1.1V 
Input Impedance Zin �  100K�  
Bandwidth BW �  45MHz 
DC Open-Loop Gain a0 �  70dB 
Power Dissipation Popamp �  1.9mW 
 
 To achieve a high input swing and bandwidth, a folded 
cascode PMOS differential pair input was used [6] [7]. To 
achieve high gain and sufficient output swing, a simple 
current-source load, common source amplifier was used for a 
second stage. The finalized circuit appears in Figure 4 below: 
 

 
Figure 4: Finalized opamp topology with bias network, enlarged 
figure and device sizes appear in attachments section 
 

 To stabilize the opamp, simple Miller compensation with 
nulling resistor was used [8]. A Bode plot of the stabilized 
opamp response appears in Figure 5: 
 

 
Figure 5: Bode plot from opamp simulations 
 
 Simulation results from the opamp circuit appear in Table 4, 
below: 
 
Table 4: Operational amplifier performance summary 
Parameter: Result: 
Input Voltage Swing Vswingin = 2.85v 
Output Voltage Swing Vswingout = 3.61v 
Input Impedance Zin >> 100K�  
Bandwidth BW = 67.3MHz 
DC Open-Loop Gain a0 = 107dB 
Power Dissipation Popamp = 554� W 
 
 
C. Voltage Comparator 
 The voltage comparator in the modulation stage was 
required to have very small propagation delays, � HL and � LH, 
with respect to 1/fsw to create a sharp output from the PWM 
stage. This was chosen to be: 
 

     
1000
1

,
´

£
sw

PLHPHL f
tt     (7) 

 
 Equation (7) gives a maximum propagation delay of 2.22nS. 
In addition, the comparator should consume less than 1% of 
the maximum system output power. The circuit was based on 
the following topology [9]. 
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Figure 6: High speed comparator schematic, enlarged figure 
appears in attachments section 
 
 A summary of the comparator performance appears in the 
following table: 
 
Table 5: Voltage comparator performance summary 
Parameter: Result: 
Propagation Delay LH � LH = 31.8ps 
Propagation Delay HL � HL = 32.6ps 
Power Consumption, fsw = 450KHz P450KHz = 265.8� W 
 
 
D. Anti Shoot-Through Circuit 
 The original purpose of this circuit was to reduce power 
consumed by the output stage due to shoot-through during 
voltage transitions [3]. A simple logic circuit in conjunction 
with a delay circuit achieves this function. The circuit as well 
as resultant waveforms appear in the figure below: 

) ��

� �

) 	 ) 	

) * ) *

����

����

�

��	
�

���	
�


��
�� ��

) ��

) ��

����������

 
Figure 7: Anti shoot-through circuit and waveforms 
 
 This circuit creates two different signals to control the 
PMOS and NMOS devices in each output pair individually. 
The deadtime in Figure 7 refers to a period where both output 
devices are off during a voltage transition period. This ensures 
that both devices are never on at the same time dissipating 
large amounts of instantaneous power.  
 The amount of deadtime is set primarily by the addition of 
shunt capacitors to the string of inverters. These create a 

substantial delay defined by the following set of equations 
[10]. 
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 The addition of two capacitors to the inverter network 
results in equal delays for rising and falling edges equal to ttotal 
in equation (8). The NAND and NOR gates create a deadtime 
between signals qa and qb in Figure 7 equal to ttotal. 
 From simulations, the duration of shoot-through events lasts 
at most 2ns. To ensure no shoot-through occurs, the total 
deadtime is set to double this duration; ttotal  = 4ns. Inserting 
this value into equation (8) along with the device constants 
from the 0.5� m process and the device sizes of the inverters 
results in C = 2.34pF.  
 The results from this circuit indicated that when functioning 
correctly the power dissipated in the transistors was actually 
greater once the shoot-through protection circuit was 
integrated. The waveforms of current through the PMOS 
output device before and after integration of this circuit appear 
below: 

 

 
Figure 8: PMOS output device current waveforms; Top-Before 
anti shoot-through circuit, Bottom-After anti shoot-through 
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 From Figure 8, it can be seen that the circuit effectively 
eliminates shoot-through current spikes present in the top most 
waveform. These spikes have peaks near 1.2A each switching 
cycle. Although these peaks are eliminated, other factors 
resulted in lower power efficiency once the anti shoot-through 
circuit was integrated. 
 The following table summarizes the results of the anti shoot-
through circuit. 
 
Table 6: Average power dissipated by output devices before and 
after integration of anti shoot-through circuit 
Parameter: Before: After: 
Power Dissipated by Each 
PMOS Device at Output 

2.208mW 2.871mW 

Power Dissipated by Each 
NMOS Device at Output 

2.448mW 2.670mW 

Circuit Efficiency: 
f in = 1KHz, Pout = 190mW 

�  =94.5% �  = 93.6% 

  
 Waveforms of the switching signals qa and qb appear in 
Figure 9: 
 

 
Figure 9: Simulated anti shoot-through circuit switching 
waveforms 
 
 This circuit was omitted in the end due to the resulting 
decreased efficiency. 
 
E. Driver 
 To drive the large transistors in the output stage, a driver 
circuit is required. This can be achieved by cascading inverters 
of increasing aspect ratio [1]. The gate level diagram below 
shows the relationship between aspect ratios of the inverters: 

   
   Figure 10: Scaled inverter driver circuit 
 
A total of four of these drivers were needed to drive each of 
the four output transistors.  
 
 
 

F. Output Stage 
 This stage of the amplifier follows a “bam-bam” topology. 
The schematics for the output stage with and without shoot-
through protection appears in Figure 11 below:  
 

 
Figure 11: A-Simplified BTL output stage, B-BTL output stage 
controlled by anti shoot-through circuit 
 
 The transistors in the output stage are a main source of 
unwanted power dissipation in Class-D amplifiers [1]. One of 
the main modes for power dissipation in these transistors is 
through the on resistance Ron. The equation that defines this 
resistance appears below [1] [7]: 
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 To minimize Ron, the transistor aspect ratio must be 
maximized. The channel width of an NMOS transistor in the 
output pair is chosen to be 1mm. To achieve identical positive 
and negative half cycles at the output, the Ron for each 
transistor must be the same. The necessary size of the PMOS 
transistor is computed as follows: 
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From equation (10) and the 0.5� m device model, the width of 
the PMOS transistor is found to be 3.62mm.  
 
 
G. BTL Low Pass Filter 
 The purpose of the output filter in a Class-D amplifier is to 
demodulate the amplified input signal from the PWM 
waveform. The following figure details the topology of a BTL 
L.P. filter: 
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   Figure 12: Output stage with BTL L.P. filter 
 
 To achieve a ripple-free response in the pass band, a 2nd 
order Butterworth filter was used. The following equations 
were used to design this filter [1]. 
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 Placing the corner frequency fo at 20KHz causes some 
attenuation in the passband but THD increases as the corner 
frequency is increased. Linearity was traded for lower THD in 
this case. The following table contains the final filter values: 
 

Table 7: BTL filter values with fo = 20KHz 
Component: Value: 
Rload 32�  
CBTL 175nF 
L 180uH 

 
 Due to the large filter values, the implementation of these 
components must be off-chip. 

V. LAYOUT AND SYSTEM PERFORMANCE 

A. Layout 
 Due to time constraints, the full layout could not be 
executed. The scope of the layout was therefore limited to the 
layout of the opamp and bias network. The final layout 
occupies 34� m X 27� m and appears in Figure 13: 
 

 
Figure 13: Final layout of operational amplifier and bias network 
 
B. Performance 
 The following table summarizes system parameters and 
results obtained from simulating the Class-D amplifier: 
 
 

Table 8: Summary of system results; fin = 1KHz, Pout = 186mW 
Parameter: Value: 
Supply Voltage +/- 1.85v 
Load Impedance 32�  
Input Voltage ± 500mV 
Input Impedance >>100K�  
Efficiency at Voutmax �  = 94.5% 
Maximum Output Power Poutmax = 186mW 
Maximum Output Swing Voutswing = 6.9v 
Total Harmonic Distortion THD = 0.342% 
  
 The following output waveform was obtained at maximum 
output power and fin = 1KHz: 

 
Figure 14: System output waveform at maximum power with 
1KHz sinusoidal input 
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VII.  ATTACHMENTS  

This section contains enlarged figures and schematics:
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Figure 15: Enlarged system block diagram 
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Schematic: 1 Folded cascode two stage opamp 

 
Table 9: Table of aspect ratios for transistors in Schematic 1 

Aspect Ratio Transistors  Aspect Ratio Transistors 
0.5µ / 0.5µ 7, 8, 14, 16, 17, 20, 21  8.78µ / 0.5µ 19 
2µ / 0.5µ 9, 10  12µ / 0.5µ 13 
3µ / 0.5µ 3, 4  17.1µ / 0.5µ 5, 6 
3.02µ / 0.5µ 22  20µ / 0.5µ 23 
3.5µ / 0.5µ 12  26.43µ / 0.5µ 15 
4µ / 0.5µ 18  100µ / 0.5µ 1, 2 
8µ / 0.5µ 11    
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Schematic 2: High speed comparator [1] 

 
Table 10: Table of aspect ratios for transistors in Schematic 2 

Aspect Ratio Transistors 
3µ / 0.5µ 1-4, 6-11, 13-18 
6µ / 0.5µ 12 
16µ / 0.5µ 19 
18µ / 0.5µ 22 
24µ / 0.5µ 5 
48µ / 0.5µ 21 

 
 


