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Chapter 1 Introduction 
 
 
 

 
Figure 1.  CMOS ft and fmax (performance analog/mixed signal devices), International technology roadmap 

for semiconductors (ITRS) [1]. 
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Chapter 2 Transmitter Fundamentals 
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������� ������ ���� and Q(t) baseband signals and upconverted using quadrature local 

oscillators:�
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Figure 4. Complex constellation diagram and trajectory for (a) constant envelope modulation and (b) 

π/4DQPSK, which uses amplitude modulation for the same constellation points as (a). 
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2.1.2 Digital Modulation Limitations 
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�
Figure 7. Transmitter output spectrum showing spectral regrowth.�
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Figure 8. Direct-conversion Cartesian transmitter schematic diagram.�
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2.2.1 Cartesian Transmitter: General Operation and Issues 
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Figure 9.  Effects of I/Q and quadrature LO gain and phase imbalance.�
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Figure 10.  Kahn envelope elimination and restoration (EER) transmitter architecture [19]. 
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Figure 11.  General representation of the polar transmitter architecture.�
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2.3.1 Polar Implementations 
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Figure 12.  Phase-path circuit architectures: representative techniques 
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2.3.2 Issues in Polar Systems 
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Figure 13.  Time- and frequency-domain waveform comparison: Cartesian and polar systems.  Baseband 

I/Q waveform with two-tone zero mean sinusoid. 
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�
Figure 14.  Distortion mechanisms in polar systems: gain and phase vs supply voltage 

 
Figure 15.  Common-source amplifier circuit showing mechanisms for AM-AM, AM-PM distortion 
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2.4 Power and Energy Efficiency: Polar and Cartesian 
Architectures 
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2.4.1 Typical Use Patterns: Probability Density Function (PDF) of 
Transmit Power 
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Figure 16.  Representative probability distribution function (PDF) for CDMA applications [31]. 
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Figure 17.  Power amplifier block diagram and schematic for a CMOS common-source PA 
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2.5.1 Power Amplifier Operation 
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2.5.2 Linear Power Amplifiers: Class AB 
 



Transmitter Fundamentals 27 

 

Imax 

Vdsat 

VDS 

IDS 

180o<Φ<360o 

 
V

D
S 
(V

) 
; I

D
S 

(A
) 

 
Figure 18.  Class-AB PA voltage and current waveforms�
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Figure 19.  Switching PA schematic and time-domain waveforms 
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Figure 20.  Class E PA schematic 
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class A class B class E

Peak Efficiency 50% 78.50% 100%

Supply constrained output power (W)    
(VDD=1V, RL=1Ω) 500mW 500mW 577mW

Breakdown constrained output power (W) 
(VDSmax=2V, RL=1Ω) 500mW 500mW 182mW  

Table I.  Comparison of power amplifier performance 
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2.5.4 Efficiency in Power Backoff 
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Figure 21.   Power amplifier efficiency in power backoff overlaid with a representative PDF 
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Table II.  Average efficiency calculations for the curves in Figure 21 

*constant bias current 
**variable bias current 
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Chapter 3 Power Management for RF Transmitters 
and Polar Systems 
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iii.) i.)

 
Figure 22.  Efficiency versus output power: i.) conventional class B PA, ii.) class B PA with dynamic 

supply regulation, iii.)  class B PA, dynamic VDD with realistic loss mechanisms. 
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3.1.1 Envelope Tracking System 
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Figure 23.  Envelope tracking transmitter using traditional Cartesian architecture with a dynamic supply 

modulator to improve average efficiency. 

 
 
 



 Power Management for RF Transmitters and Polar Systems 
 

40 

 
Figure 24.  Time domain waveforms for VDS RF carrier waveform and power loss: fixed VDD and dynamic VDD. 

 

 
Figure 25.  Time domain envelope tracking waveforms 
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3.1.2 Dynamic Supply Polar Modulation 
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Figure 26.  Dynamic supply polar modulation system 
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Figure 27.  Linear regulator topologies�
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3.2.2 Switching Voltage Regulators 
 

 
Figure 28.  Generic voltage-mode switching regulator block diagram 

 

 
Figure 29.  DC-DC conversion cells: buck, boost, and inverting buck-boost 

�
Figure 30.  Typical battery discharge curve and power converter mode of operation 
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�
Figure 31.  Pulse-width-modulation (PWM) waveform�
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Figure 32.  Fundamental and harmonics of pulse-width modulated waveform versus duty cycle, normalized 

to fundamental peak. 
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Figure 33.  Contour representation of average efficiency of the switching regulator vs gate width 
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3.2.3 Hybrid Voltage Regulators: Introduction 

 
Figure 34.  Hybrid voltage regulator schematic: a.) Series hybrid, b.) Parallel hybrid 
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Chapter 4 Power Supply Noise Analysis for RF 
Amplifiers 

 
 
 

 

Figure 35.  Effect of supply noise on RF amplifier output spectrum 
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Figure 36.  Noise sources in RF systems 
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Figure 37.  Self-induced power supply noise from high supply impedance at the envelope frequency 
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Figure 38.  CMOS inductor-degenerated common source amplifier showing nonlinear elements. 
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Figure 39.  MOSFET drain current versus gate-source and drain-source voltage. Nonlinearities are 

extracted around the dc operating point highlighted in the figure.�
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* Change in PSRR when effect of parameter is included (i.e. gmo11 is shown to reduce PSRR from infinite to the edge 
of the shaded region indicated in the legend). 
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Chapter 5 Optimum Operating Strategies for Hybrid 
Voltage Regulators�
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Figure 49.  Model for parallel hybrid switching-linear regulator 

 

�� ������	������

#����������������	��
���<'���������
�������
�������
	���������&��
�������������&��
	��

�&����������������������+�����������������������������&������
���(�������	�
��
����*���	���

���������&��,�

���������������
�,������������
�������
���'������������+	���
	����+���



 Optimum Operating Strategies for Hybrid Voltage Regulators 89 

����������0�#1�
�����
�������
���
������
	�����.�������+��*��7�,����&��
����������
���'�

���	� ��� 
	�� ���� �	�+�� ��� 2������ 8'� ���� ���
��������� �

���
�&�� ���� �������� �������


������

��� �������
����*� � �	���� ������
���� �.����
� ��&���,��� ������
���� ��� ,�
	� �������

�����+�
�	����������
����
����	��&��	��	�������������������
�����������������*���

2������8��	�+��
	�����������	�,����&��
����������
�����
��������������
����<*�*<*���	��

�������������
�����
�������&��
���������+��'�������������������
����
	���#��������&��
���*��

�	���+�
�	����������
�����
�������������
�������'�����������	��	�����������
��
	���������

������
��'���������������������������������
����
	��������
�����&�����
��
	������*��#�

��������������������
	�����������������
�������	�+�����Figure 49*��/�����
������,���	������


	�� ��
���
���'� 
	�� �+�
�	���� ������
��� ��������� 
	�� ����� �&������ ������
� 
�� 
	�� �����

IEE!E:J*�

�	����������� 	�,���� 
�������� 	��� ��&��
����� �&��� 
	�� ������� 	�,���� ���������
���� ���


	�
�
	���������������
��������
�����
�������,��
	��������
�&��
�������
	����
�&����&����*��

/���������	�,����������
���'�
	�� �! �����&��
�������
�������+����������&��
��������
	��

�����
������
��*���	���������������������
	���������������
���,��(�������
	����
�&����&����

��� �� ��+� ������
� �����
���� �
� ���� 
����*� � 7�+�&��'� +	��� ���
� 
�������
�� ������ ��� 
	��

����
�&�������
���'��
�����,����������
�����
	���������
��������
������
����������
���*���	��

��
�&�� ��&���� ���� ����� ����� +	��� 
	�� &��
���� 	�������� ��� ����� 
	��� 
	�� ��������

������
�&��
����0�";����&�������
���
	��
������������1*���	������
�������
�����������
	��

,���+��
	� ���A��� ���+� ��
�� ��� 
	��  �! �� ���&��
��'� ,�
� 
	��� ���� ��3����� ����������

�+�
�	���� ���3���������������
	��������������'�������
���
���� ��+�������������*� �#��



 Optimum Operating Strategies for Hybrid Voltage Regulators 90 

����
����������
�������
�����������	��
�
������
���
��������
�
	���������������
����������
��


	�� ,�

���� ��� 
	��� ��
��
���'� ,�
� 
	�
� ���� ����� �����
� ��� ����
������ ��+��� ����*� � �	��

���������	�,��������
��������
�����
��	��	����+������
��������,�
	�����
�&����������
�&��

�����
����'� ���� ��� +�� +���� �	�+'� ���� ,�� ��������
� ���� �� +���� ������ ��� �����
����

�����
����*�

/�� ��������� 	�,���� ������
���'� 	��	� ����!,���+��
	� ������� ������
���� �������&���� ���
�

&��
���� ������
���� +�
	� �� 	��	� �������� ������ I6<'� =�'� =8J'� +	���� ��������� ���������

�+�
�	���� ������
���� ������	��&��	��	������������ ���� �� ������ ��������� ���&������� ��
����

��������������
�����I�'�6J*�������������
	��,�����
�����
	�����,���������
���'�	�,����

������
���
����������	�&��,�����������������,�
	�
������

����������
�����IC6'�C�'��J'�

���� 	��	!����������� ������ ����������� I<'� 8J*� � /�� ������ �������
����'� ��+� �������

,���+��
	� ��(��� 
	�� 	�,���� 
���������� ����� �

���
�&�� ��������� 
�� ����� �+�
�	����

������
��� 0�����! 1� 
���������'�+	��	� 	�&�� ,���� �	�+�� 
�� ��	��&�� 	��	� ����������� ����

�.������
� ������
�� I=!EJ*� � 7�+�&��'� ��� 
������

��� �������
����'� 	��	� ��&������

,���+��
	����(�� �����! � ����
����� ����� �

���
�&�� ���� 
�� ������� �������
��� +�
	� 	��	�

�+�
�	���� ���3�������� I<C'� 8='� 8E'� =�J*� � /�� 
	��� ����'� 	�,���� 
���������� ���� ����
�����

,������� 
	��� ���� �������
�� 
	�� 
��������� ������ ����������'� ,���+��
	'� ���� ����
����

������
��IC6'�C�J*�

2��� 
	�� 
�������� �	�+�� ��� 2������ 8'� ��&����� ���
���� ��
	���������� 	�&�� ,����

��������� 
�� ���,���� 
	�� ��
��
�� ��� 
	�� 
+�� ��������
� ������
��� ,���(�*� � �	�� �������

������
��� ��� 
��������� ����� ��� �� �����+��� �
���� 
	�
� ��������� �� ,�������� &������� ��� 
	��



 Optimum Operating Strategies for Hybrid Voltage Regulators 91 

���������� &��
���� 
�� 
	�� ������
��� ��
��
*� � D����� ����,��(� ������� 
	�� ������� �
���� ���

�����
�����������
��
��������������������&����������*���	��,���+��
	����
	�����
���

�����
��������,�� 
	������!,���+��
	�������
���� 
	�� ������� ������
���+	��	�����,�����


	�� ������ �������� 
���� ���"75� ���������� ����������
��� ���������� I=�'� =8J*� � /�� 
	��

�������������
���������������+�
	�	��	�������������,���+��
	'��
�����,�������
���

����
��

�+�
�	���� 	��������� ����� 
	��  �! �� ���&��
��� �
���� I<'� 8J'� ���� ���� ����� ������� ��

���
���� ��� 
	�� �������� ��+��� ��� 
	�� ��&������ ������*� � �����
�������'� 
�� ��	��&�� 
	��

�����������
���'�
	����
��
�������
���� 
	�� �������������
��� �������������� ��������������

�����������������
	���+�
�	����������
��*��/��+��(������
������
	����
���
���'�
	���+�
�	����

������
��� ������� 
	�� �&������ ���  �� ������� ������
��� ������
� 
�� 5���� +�
	� �������

0������
�����!��
�����1����
���'�IC6J'����	��
���
������
���'�I�J*���	���+�
�	����������
���

���������	�&�������!5����,���+��
	��������������������
	������������+��*��#���
	���


�� ��
������� 
	�� ��
����� ,���+��
	� ��� 
	�� �+�
�	���� �
���� 
	����	� ������
���� ���

������������IC�J*�

�� Overview�
 
�	����	��
�������������
	�����������	�,����
�����������
	�����
�.
������������&��
����

������
���� ���� )2� ��+��� ����������*� ��� �.����� ��� 
	�� +��(� ��� IC6'� C�'� �!8J� +�
	�

���
����������	��������
	����
�����,���������
���*� � /�������������	�+���������
	�
�


	�� �+�
�	���� ������
��� �����
��� ��� �� 3����!�
�
��� ������
� ������*� � �	��� ������
���� ���

&�����������
	������
����������
����
	�
�
	����&���������3������������	�	��	���
	���
	��



 Optimum Operating Strategies for Hybrid Voltage Regulators 92 

,���+��
	����
	���+�
�	����������
��*���	���+��(��������
���������������
���
	��
��������


	�� �+�
�	���� ������
��� ���&������ ���
� ��� 
	�� "�� ������
� 
�� 
	�� ����*� � /��
���� +��

��������5��
	�����������,��
���
����
	���+�
�	����������
���������
����3����!�
�
��*��/��
	���

����'�,���	�������
	��
����+����+����
	��3����!�
�
�����������'�
	���+�
�	����������
���

������
�����,����
���5�������	��	������3��������
��
����*�

0 1 2 3
0

5

10

15

S
ig

n
a

l A
 (

V
)

0 1 2 3
0

5

10

15

S
ig

n
a

l B
 (

V
)

time (s)
0 5 10 15 20 25

-100

-80

-60

-40

-20

0

20

frequency (Hz)

P
o

w
er

 S
p

e
ct

ru
m

 (
dB

/H
z)

PAPR=5.2 dB

PAPR=10.1 dB

 
Figure 50.  Two different time-domain envelope signals that share the same power spectrum: one with 

peak-average power ratio (PAPR) of 10.1dB, and another with PAPR or 5.2dB. 
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Supply Voltage= 2V; Signal=2*va*abs(Sin(wt/2)) 
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Figure 62.  Hybrid regulator model including output capacitance 
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The current supplied to the load by the linear regulator, following the development of 

section 5.4 follows as 
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Figure 63.  Hybrid regulator with load capacitance: efficiency versus normalized time constant (simulation 
vs theory) 
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Parallel hybrid voltage regulators are highly practical for dynamic supply transmitter 

applications.  These topologies can provide fast dynamic regulation with low noise and 

high efficiency.  If the operating conditions are carefully considered, power efficiency 

can be comparable to a pure switching regulator solution.  The key is to consider the 

time-domain operation of the switching and linear regulator portions as many waveforms 

can have the same power spectrum.  In many cases, the switching regulator should supply 

more than the average load current, with the linear regulator sinking more current to 

ground in a push-pull output stage.  There are many conceivable circuit architectures that 

could optimize the bias conditions of the hybrid regulator through online sensing and 

slow adaptive feedback.  A final practical consideration includes the dynamics of the load 

network.  From an efficiency perspective, it is best to have any poles at the output be 

substantially higher frequency than the modulation signal to avoid reactive losses.  This 

implies that the linear regulator may be best optimized with internal compensation rather 

than using a dominant pole at the output.  
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Chapter 6 Direct Digital Modulation: A New 
Approach to Polar Systems 

 

 
Figure 64.  Conventional cellular phone block diagram: digital application processor, DSP, Audio, Power 

management; Radio is still largely analog 

 
Figure 65.  Proposed digital polar architecture 
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6.1 Transmitter concepts revisited 
 

 

Figure 66.  Traditional Cartesian transmitter architecture: lowpass data conversion followed by 
upconversion mixers 

 
Figure 67.  π/4DQPSK and 8PSK constellation diagrams 
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6.2 Data conversion principles 
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Figure 68.  Input-output transfer characteristics for a 3-bit D-A converter 
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Figure 69.  Comparison of continuous and quantized signal levels showing error between ±½ LSB 
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6.2.2 Discrete-time sampling 

 
Figure 70.  Frequency-domain representation of discrete-time sampling process 
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6.2.3 Practical sampling and reconstruction 
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Figure 71.  Time- and frequency-domain characteristics: zero order hold (ZOH) reconstruction 
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6.2.4 Sampling with non-bandlimited signals, and relationship with 
quantization noise 

 
Figure 72.  Signal and noise before and after sampling 
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Figure 73.  Quantization noise spectral density: a.) Nyquist-rate sampling, b.) Oversampling 
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6.3 Oversampled Data Converters 
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Figure 74.  Signal and quantization noise with noise shaping 
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Figure 75.  Linear model of the noise-shaping process: quantization noise appears as a disturbance 
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Figure 76.  Noise-shaping data conversion blocks: a.) Error-feedback structure, b.) first-order sigma-delta 

modulator 
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6.3.2 RF (Narrowband) Digital-Analog Conversion (DAC) 
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Figure 77.  RF DAC: quantization of RF carrier amplitude 

 
Figure 78.  Frequency-domain RF DAC with sampling images 
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Figure 79.  RF DAC example implementation: binary weighted class-A amplifier stages (current 

summing), as in [105] 
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Figure 80.  Bandpass Σ∆ modulator with center frequency at 
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6.4 Direct-digital modulation for RF transmitters 
 

 
Figure 81.   Direct digital modulation: transmitter operating as a D-A converter 
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6.4.1 Cartesian RF Data Conversion 
 

 
Figure 82.  Cartesian RF data converter 
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6.4.2 Polar RF Data Conversion 
 

 

Figure 83.  Polar RF data conversion: RF amplitude DAC with phase-modulated clock signal 
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6.4.3 Issues with spectral images 
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Figure 84.  Upsampling to reduce spectral images, process in Pozsgay [106] 
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6.5 A 2.4GHz RF Polar Transmitter for Bluetooth 2.1+EDR 
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Figure 85.  Digital polar modulation architecture 
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6.5.2 Architecture 
 

 

 
a.) Polar system with PWM supply regulation 
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b.) Polar system with PDM in the PA 

Figure 86.  Candidate polar architectures 
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Figure 87.  Time and frequency domain examples for full- and half-amplitude modulation 
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6.5.3 Pulse-density modulator (PDM) 
 

 

 
Figure 88.  Pulse-density modulator block 
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6.5.4 Polarity Bit 
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Figure 89.  1-Bit polarity feedforward to reduce power from rapid phase transitions 

 

 

Figure 90.  Constellation diagram for 8DPSK with feedforward phase transition: 
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Figure 91.  Polarity bit significantly reduces high frequency power in the RF clock signal waveform by 

smoothing phase transitions near origin 
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Figure 92.  Effect of polarity on amplitude quantization - ∆Σ process remains linear near zero 
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6.5.5 ∆∆∆∆ΣΣΣΣ Noise-shaping process 
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Figure 93.  Error-feedback digital ∆Σ modulator 
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Figure 94.  Example baseband 3rd order ∆Σ modulator spectrum with a notch at ±12MHz, 
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Figure 95.  ∆Σ Modulator: 1st, 2nd, 3rd order comparison, all zeros at 2.4GHz 
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6.5.6 Class-D PA 
 

 
Figure 96.  Complementary class D PA schematic 
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Table IV.   
COMPARISON: FV-FI FIGURE OF MERIT FOR VARIOUS AMPLIFIER CLASSES 

(DATA FOR CLASS E, F-1, F2,3,4,5 FROM [34]) 

Amplifier Class FV FI

E 3.56 1.54
F-1 3.14 1.41

E/F2,3,4,5 3.20 1.45
D 2.00 1.57
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6.5.7 CMOS Class D PA Implementation 

 
Figure 97.  Schematic representation of class-D power amplifier with cascode output stage 
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Figure 98.  Current recycling scheme: excess current from PMOS drive stage used by digital processing�

 

�
Figure 99.  Class-D PA output stage NMOS layout: gate and cascode share diffusion region to reduce 

junction capacitance 
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Figure 100.  Level shift and deadtime control 
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6.5.8 System Implementation 
 

 
Figure 101.  System-level implementation of Bluetooth transmitter 

 

 
Figure 102.  Die Photo of  CMOS class D PA and RF pulse-density modulator circuits 
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6.5.9 Experimental results 
 

Class-D1-bit PARF Pulse-Density Modulator(@ 2.4GHz) 2 VRFclk(φ)
 

Figure 103.  Block diagram of the experimental setup 
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a.)  PA output with 200MHz clock signal 

 
b.) Downconverted transmitter output with 2.4GHz clock, linear ramp signal programmed into amplitude 

path 

Figure 104.  Time-domain waveforms at transmitter output 
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Figure 105.  Efficiency and output power vs supply voltage 
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Figure 107.  Power of digital processing (pulse-density modulation, clock recovery, sampling and 
synchronization) with and without current recycling scheme.  Measured as power drawn from Vhalf 

regulator 
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a.) π/4DQPSK (2MBPS) 

 
 
 

 
b.) 8DPSK (3MBPS) 

Figure 108.  Measured constellation diagrams 
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Figure 109.  Efficiency and output power vs supply voltage 
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Quantization noise of the digital modulator is a limiting factor for spectral performance.  

Figure 109 a-d.) shows that the nearband spectral requirements for Bluetooth 2.1+EDR 

are satisfied for both π/4DQPSK and 8DPSK test signals.  Average power levels at the 

spectrum analyzer are between 11-14dBm.  The wideband spectral mask is satisfied due 

to the addition of the bandpass filter at the output.  However, it should be noted that in 

peak-hold mode, which is required for the Bluetooth standard, there is little margin for 

the -40dBm power limit (100kHz RBW).  Shown in Figure 109 c.), the lowest margin 

occurs near peaks in the quantization noise spectrum 50MHz from the center frequency.  

Low margin in the spectral mask could make the system susceptible to load pull, power 

supply variation, or other scenarios which cause wideband noise levels to increase.  This 

can be improved by operating the ∆Σ process at higher clock frequencies, or reducing 

transmitter power level.   In a fully-integrated version, it may be practical to operate the 

∆Σ  modulator at 250MHz or more, reducing the peak noise by 3-10dB.  Due to limited 

margin in meeting the spectral-mask, we do not present this as a fully-functional 

Bluetooth transmitter, but rather a demonstration of a new and interesting topology 

worthy of further investigation.  The high efficiency and excellent linearity show that this 

is a promising alternative to traditional Cartesian and polar transmitters. 
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Chapter 7 Conclusion and Future Work 
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