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Linearizing CMOS Switching Power Amplifiers Using Supply Regulators Jeffrey S. Walling, Member, IEEE and David J. Allstot, Fellow, IEEE



Abstract—In high-speed communications systems the power amplifier is the dominant source of power consumption from the battery, and thus one of the main limitations in increased mobility. Switching power amplifiers are more efficient than their linear counterparts, and thus demand less power from the battery; however, they do not have sensitivity to the amplitude variations seen in non-constant envelope modulation. This brief discusses supply-modulation, a technique that enables use of switching PAs for improved power efficiency, by providing a means of linearizing the PA. Index Terms—CMOS, Linearization, Power Amplifier, Supply Modulation, Switching Amplifier



I.



E



INTRODUCTION



increasing CMOS transistor speed through scaling of the minimum feature size has enabled power amplifiers (PA) using switching topologies such as Class-D [1,2], -E [3,4,5,6], and –F[5,7]. By exploiting the CMOS devices used as switches, these topologies are able to operate with high efficiency and relatively high output power. However, these performance advantages come with a cost; namely, these switching PAs have little or no sensitivity to variations in the input amplitude. As a consequence switching PAs traditionally have been used for applications with constant-envelope (CE) modulation such as frequency modulation (FM) and frequency shift keying (FSK). Because modern high-speed communications demand efficient use of the available spectrum, most modulation schemes are non-constant-envelope (non-CE) such as quadrature amplitude modulated (QAM), phase shift keyed (PSK) and orthogonal frequency division multiplexed (OFDM). In such applications, the advantages that CMOS scaling provides in terms of switching speed can also be leveraged to linearize switching PAs. Three linearization techniques are commonly applied to switching PAs: outphasing (e.g., Chireix, LINC, etc.) [1,8,9], pulse-width modulation (PWM) [2,3] and supply modulation (e.g., envelope tracking (ET), envelope elimination and restoration (EER), polar transmitters, etc.) [5,6,10,11]. VER
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Fig. 1. Block diagram of a supply-modulated power amplifier. Both outphasing and PWM PAs are limited in the minimum output power signal they can transmit; in the former this is due to the load mismatch associated with large outphasing angles, and in the latter to the minimum pulse-width that the PA can process without pulse swallowing. Supply modulation techniques offer the highest dynamic range because of their ability to process signals of both small and large amplitudes. In a typical supply-modulated PA (Fig. 1), the signal information is separated into envelope (A) and phase (φ) components. The A component is then processed by a supply regulator (low-frequency PA) while the φ component is upconverted in frequency and input to the RF switching PA. Although supply-modulated systems provide the benefits of increased efficiency and dynamic range, they require precise time alignment of the LF and RF signals, which is difficult because the signal components (A, φ) experience different group and propagation delays as they traverse through the system. Three topologies are commonly used in supply-modulated PAs: the single-supply linear regulator, the dual-supply linear regulator, and the hybrid (switching-linear) supply regulator. Section II overviews design considerations for each of these topologies. Details related to time alignment are discussed in Section III followed by factors related to frequency response in Section IV. Finally, concluding remarks are given in Section V.
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Fig. 2. Single-supply linear regulated switching PA and linear (class-B) PA efficiency comparison.



Fig. 3. Single-supply linear regulated PA.



II. DESIGN CONSIDERATIONS OF EER SYSTEMS A. Single-supply Linear Regulator The purpose of using a single-supply linear regulator is to improve the drain and average efficiencies of the PA: (1) ·



·



·



·



(2)



where Pout is the output power, PDC is the DC power consumed for biasing, and pdf is the probability density function of the input signal (e.g., the envelope). Note that the efficiency of a linear PA decreases quadratically with reduced output voltage, whereas that of the supply-modulated switching PA decreases linearly (Fig. 2). Note also that the peak drain efficiency of the linear regulator is ideally 100%, which occurs for an output voltage of VDD, compared to only 78.5% for the ideal class-AB amplifier. In fact, the single-supply linear modulated switching PA efficiency is larger than that of the linear PA for all output voltages; consequently, the average efficiency is larger as well. The single-supply linear regulator (Fig. 3), is the most commonly used topology in EER systems wherein a low-
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dropout (LDO) regulator provides the voltage supply to the RF PA [6,12,13]. The LDO isolates sensitive components from variations in the power supply voltage due to the battery slumping, power supply noise, etc. In the LDO if Fig. 3, the envelope signal is input to the inverting terminal of an operational amplifier that is enclosed in a negative feedback loop around a wide PMOS pass transistor. The feedback loop forces the voltage supply presented to the PA to equal the input envelope voltage. Gain, if desired, can be added using a resistive divider in the feedback loop. The RF PA presents an equivalent dc resistance to the supply regulator that is a function of the optimal termination resistance and the drain efficiency. Ideally, the efficiency of the PA output stage remains constant over all supply voltages, but small variations are normal. The resulting fluctuations in the equivalent resistance cause AM-AM distortion; however, this effect is mitigated if the supply regulator presents a low enough resistance to the PA. This resistance can be reduced by increasing the loop gain or by increasing the size of the PMOS pass transistor [6]. The AM-AM distortion acts to increase the transmitted error vector magnitude (EVM) and reduce the margin to the regulatory spectral mask. Because these are system-dependent specifications, loop gain and PMOS transistor size should be adjusted until system specifications are met with a sufficient margin. In addition to the distortion caused by the change in its equivalent dc resistance, the bias-dependent capacitance at the drain of the PA output stage varies with supply voltage which results in a supply-dependent propagation delay that manifests as AM-PM distortion. Fortunately, this effect can be well characterized and corrected either by predistortion of the input signal [6], or using a capacitor array at the drain of the output transistor controlled using a lookup table [14]. Because of the large capacitance presented to the operational amplifier by the PMOS pass transistor, it is desirable to achieve the necessary gain in as few stages as possible in order to avoid amplifier stability problems. Additionally, opamp topologies that consume low static bias current help to achieve higher overall system efficiency. B. Dual-Supply (Class-G) Linear Regulator The efficiency advantages of the linear regulator can be extended by operating from a small (large) supply voltage when the input signal is small (large). In a dual supply regulator, therefore, two voltage supplies (VDD and VDD/x) are used to supply current to the PA. When the input envelope is smaller than VDD/x, current is drawn from the smaller voltage supply, and when it is larger than VDD/x, current is drawn from the larger voltage supply. The peak drain efficiency is again 100%; however, it now occurs at two output voltage levels, VDD and VDD/x. As can be seen in Fig. 4 (x = 2), the efficiency of the dual-supply linear regulator is significantly larger than that of its linear counterpart for all output voltages; thus, the average efficiency is larger as well. It is also important to note that the efficiency peak occurring at VDD/x is attractive for signals with large peak-to-average ratios (PAR). In fact, the value of x can be adjusted (Fig. 5) to optimize the efficiency of the system for a given probability distribution function of the input signal [15].
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Fig. 4. Dual-supply linear regulated switching PA vs. linear (class-B) PA efficiency comparison.



Fig. 6. Typical dual-supply linear modulator glitch behavior .



Fig. 5. Average efficiency for several common high-speed communications signals vs. supply scaling factor, x. A dual-supply linear regulator (Fig. 6) comprises parallel single-supply linear regulators [11]. Hysteretic comparators are used in conjunction with transmission gates to control from which supply (VDD or VDD/x) current is drawn. Reference voltages, Vref,small and Vref,large, are used to set the threshold voltage at which the supply voltage transitions occur. Both voltages should be set approximately equal to VDD/x. Only one loop should have control of the output at any time. However, the handover of control is not infinitely fast so a glitch in the supply voltage inevitably occurs. To mitigate the effects of the glitch, a single pole is added at the gate of each pass transistor with the addition of a shunt resistance. The resultant low pass filtering action slows down the handover. Hence, both loops provide current to the output during the handover interval, which minimizes the impact of the glitch (Fig. 7). Hysteresis in the comparators is needed to prevent unnecessary switching between the two supplies during small fluctuations occurring near the threshold, due to signal and noise in the input envelope. Thus, the amount of hysteresis needed depends on the statistics of the input envelope, as well as the noise performance of the circuitry in the dual-supply linear regulator.



Fig. 7. Dual-supply linear regulated switching PA. Because the mechanisms that result in AM-AM and AMPM distortion are similar to those of the single-supply linear regulator, the design considerations for the operational amplifiers and PMOS pass transistors are also the same.
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Predistortion and lookup tables are again viable options for correction of AM-AM and AM-PM distortion. C. Hybrid Regulator The advantages of the linear regulator (fast, high dynamic range, low noise, etc.) can be extended for low conversion ratios (i.e., Vout 
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