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Abstract: The increasing performance demanded by emerging wireless communication standards
motivates the development of various techniques devoted to improving the efficiency of power amplifiers
(PA) because this is one of the most power-demanding blocks in RF transceivers. Power-amplifier
efficiency is proportional to the ratio of the average voltage delivered by the PA to the voltage level of the
PA's power supply. Efficiency is affected by the peak-to-average ratio of the transmitted signal. The
envelope tracking modulator maximizes this ratio, correlating the PA's power supply with the envelope of
its output signal. Efficient modulators must satisfy certain critical conditions: 1) it must be very agile to
track the amplitude variations of PA's output voltage; ii) it must reduce the timing mismatch between the
PA modulator's supply and PA output waveform envelope to optimize power efficiency and avoid PA
saturation, and iii) the envelope tracking modulator must be highly power efficient.

This paper reviews several relevant envelope tracking techniques. Hybrid modulators consisting of
switching regulators and linear amplifiers have become mainstream envelope tracking systems for
wideband applications, in which linear amplifiers complement the functionality of highly efficient but
narrow bandwidth switching modulators. Replacements for linear amplifiers include a combination of
power-efficient ADC and DACs that provide very agile feedback, increasing the system's slew rate, which
allows the modulator to track faster envelope signals. Multi-level switching is another relevant approach
utilizing multiple switching voltages to reduce current ripples and enable the use of wider bandwidth
switching regulators with high power efficiency. The use of multiple inductors is another interesting
approach. Multi-phase switching techniques utilize multiple switching stages in a time-interleaved manner
to extend the switching modulator's bandwidth. A slow buck converter can be combined with a fast buck
converter and optimized for different switching frequencies; this architecture covers the signal envelope's
low- and high-frequency components.

The approaches mentioned use switching modulators with analog feedback controllers (Pulse-width
modulation [PWM] or hysteretic). However, an alternative approach is prediction-based digital feedforward
control. This tutorial discusses all of these approaches.

1. Introduction

Recent developments in mobile computing and wireless internet have led to increasing demand for
portable devices and smartphones equipped with wireless local area networks (WLAN) operating with
multi-standard capabilities. More standards and applications will soon be incorporated because minimum
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will demand more bandwidth and more efficient use of the spectrum to satisfy the demand for faster and
more reliable communication systems. Emerging applications will demand effective signal bandwidths over
160MHz for in-house short-range communications. Mm-Wave communication systems will demand even
larger effective signal bandwidths.

To increase the spectral efficiency of the communication systems, complex digital-domain modulation
schemes such as OFDM are becoming necessary; in these modulation schemes, both amplitude and phase
are modulated [2-4]. As a result, the signal envelope presented to the PA is not constant; and the signal's
peak-to-average power ratio (PAPR) increases significantly [5]. IEEE 802.11ax (Wi-Fi 6) enables gigabit
wireless communication and allows enterprise and service providers to support emerging applications while
maintaining legacy services. IEEE 802.11ax supports more customers in complex environments and
provides superior performance for advanced applications such as high-definition video, faster wireless
office services, and more options for Internet of Things (IoT) applications. This standard's benefits come at
the expense of more demanding hardware specifications: 1) more spectral efficient modulation schemes
such as 1024 Quadrature Amplitude Modulation (QAM) are employed; ii) this standard takes advantage of
the properties of the Orthogonal Frequency Division Multiple Access (OFDMA) modulation schemes to
increase system robustness and spectrum efficiency; iii) IEEE 802.11ax OFDMA technology supports up
to eight spatial streams and delivers up to 4.8 Gbps at the physical layer. Wi-Fi 6 supports bandwidths up
to 160MHz and transmit average power can be as high as +23dBm while maintaining the constellation's
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power value, but the peak value varies for different modulation schemes. Most of the time, the PA output



is within the 630 dB back-off power range. It is highly advisable to optimize the PA power efficiency in
that range. Fig. 2 also shows that the ideal peak drain efficiency of a class-B amplifier is about 78.5%, but
at 10 dB back-off, its efficiency drops below 25%; the amplifier's drain efficiency is under 8% for -20 dB
back-off power, which makes it evident that the PA power efficiency increases as the signal amplitude
comes closer to the value of the power supply.

The organization of this tutorial is as follows: Section II revisits the design issues and limitations of the
power amplifier and discusses correlating the PA’s supply with the envelope of the transmitter output signal.
Sections III and IV discuss the fundamentals of hybrid envelope tracking modulators combining linear
amplifiers and switching modulators. Section V covers recently reported solutions. Section VI discusses
the mismatch issues when accommodating a PA with an envelope tracking modulator and how to calibrate
it. The last section provides conclusions.

I1. Fundamentals of Envelope-Tracking Modulators

Properties of RF Power Amplifiers. A PA's efficiency is especially critical for mobile communications
systems that require low-power consumption for increased battery life and reduced size, weight, and cost.
The efficiency of linear PAs reaches its maximum at the peak output power and then drops when operating
at power back-off (PBO) regions. Ideally, the inductor/transformer terminated class-A amplifier's power
efficiency is limited to 50%. At 10 dB back-off power, the expected power efficiency is around 15% and
less in practice due to the transistor's voltage headroom requirements. A class-B amplifier's efficiency is
proportional to (/4)*(Vout/VDD), leading to a peak-drain efficiency of around 78%; for 10 dB back-off
power, the drain efficiency will usually drop to under 26% [3]. In practice, the conventional class-A and
class-B PA architectures achieve drain efficiencies of less than 10% and 15%, respectively, at 10 dB back-
off power [3-4], which drastically reduces the talking time in handheld devices.

There are different techniques to increase the efficiency of linear PAs. Doherty's technique increases the
efficiency by active load-line modulation and providing optimum PA loading for different input signal
levels [6]. The Doherty PA's matching network and load-modulation circuit are frequency dependent and
limited to narrow-band applications with a fixed center frequency. The out-phasing technique finds use
where the input signal has two constant-amplitude, phase-only modulated signals, thus maintaining the PA
near compression to operate more efficiently [7, 8]. The nonlinear mapping from a complex signal to the
two-phase domain-only signals will cause significant out-of-band spectral regrowth, which will not only
demand a wider bandwidth for the two amplifying paths but also contaminate the output signal for any
mismatch between the two paths, so it is challenging to apply this technique for wideband applications.

A highly efficient supply modulator controls the PA's envelope. The polar technique, also known as
envelope elimination and restoration (EER), is an effective supply modulation method that separates the
RF phase and envelope [9, 10]. This method is highly effective for low and medium bandwidth applications.
If phase and envelope signals experience different delays, non-linearity and spectral regrowth will arise;
then, precise timing alignment mechanisms are necessary. The timing mismatch is critical for broadband
applications.

Switching-mode class-D or class-E amplifiers offer the best possible power efficiency. However, they
may not be suitable for broadband and demanding specifications with EVM figures under -40 dB. In this
tutorial, we focus on linear power amplifiers.
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PA’s gain presents minor sensitivity to baseband drain-voltage variations. The ETM concept is illustrated
in Fig. 3. In this method, the envelope signal is extracted in the digital domain and used to bias the PA using
a highly efficient supply modulator. It is necessary to ensure a good match between the output of the
envelope tracking modulator and the PA’s drain voltage. Two main issues can be identified for this
technique to be practical and to maintain PA linearity properties: i) the output of the envelope modulator
must follow the PA drain voltage swing, which demands a measurement (or an accurate predictor) of the
PA’s RF power gain; and ii) timing offsets between the ETM signal and the PA drain envelope signal must
be minimized.

II1. Envelope Tracking Modulator

Supply Modulator based on a switching modulator.

The simplest envelope tracking modulator employs a d2 i Switching Regulator
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The ETM output voltage is monitored and compared
with the adjusted input signal's envelope to generate the
error function, which controls the duty cycle of the
switching regulator's clock phases ¢: and ¢.. The phase generator block employs a loop filter with high gain
and a pulse-width-modulator (PWM) engine that adjusts the clock phase's duty cycle. The output voltage
of the power-efficient switching modulator then tracks the PA’s output envelope within its frequency range.

Switching Modulator's Tradeoffs. A significant limitation of this technology is that power-efficient
switching regulators cannot efficiently track fast signal variations simultaneously with low ripple. Fast
loops are required to reduce the LC product, while low-ripple solutions demand large LC products. Smaller
inductors generate higher current because the current is inversely proportional to L, while smaller capacitors
require less current to quickly charge/discharge it, making the LC network more agile. For the case of a



buck converter, it can be shown that the normalized voltage ripple during the steady state is computed
(approximately) as follows:

Av 1-D

T 1(6L6f;w (1a)

Note that D is the duty cycle of the clock signals driving the modulator’s clock phases ¢; and ¢. In this
equation, f;, is the clock frequency used in the phase generator. According to eqn (1a), a large LC product
reduces the normalized output ripple. Notice that the worst case happens when D=0.5. That usually happens
when the output voltage is around mid-rail, e.g., -6 dB back-off power. Another interpretation of this result
is obtained by replacing the LC product with the resonant frequency of the tank:

Avpp _ ((211)21(61—D)) (;:—(‘)”)2 ;W = 2mfy = % (1b)

Vpp

Hence, a small output ripple requires that the ratio of the LC resonant-frequency to clock-frequency

1o« 1. For the worst case in eqn. 1b (D=0.5) the normalized ripple is under 4% if fs» >5fy. For broadband

fsw
input signal, the resonant frequency fy is placed at even higher frequencies, and so is the clock frequency.

Signal bandwidth of 160 MHz may require placing fsp-close to or above 1 GHz. Switching losses for GHz
range clock frequencies may be excessive since switch dimensions become large to reduce switch resistance.
Hence, the switching modulator is not efficient for emerging broadband applications and cannot track fast
signal variations with reduced voltage ripple. Recent approaches that overcome this limitation are discussed
in the following sections.

Most modern wireless standards require PAPR even over 12 dB. The peak of the probability density
function of the transmitted power is in the back-off region, where the signal amplitude is around 25-50%
of the peak value. A fast variation in the envelope signal is infrequent, but it happens and must be driven
by the ETM. The governing equation step response of the LC network is given by:

sqt_ Sot sqt_ Sot S1t_ ,Spt :
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The initial condition in the capacitor and inductor are modeled by vy(0) and i.(0). The solutions of the
resulting homogenous equation s, , are given by:

S12=—(1/2RC) £ /(1/2RC)? — (1/LC) 3)
The rising (or falling) time can be calculated with the help of (2) and (3) but the resulting expression is
complex and cumbersome; simulation results can be used to estimate the regulator's slew rate and rise time.
Details can be found in [16, 17]. Note that the current delivered by the inductor is computed as:

i,(t) =i, (ty) + M 4)

For slow output Voltage variations, the current rate is constant with a ramping rate of v;(z)/L amps per
second. Reducing the inductance value increases the amount of current delivered to the modulator's output,
leading to a more agile regulator, but the output voltage ripple increases according to equation (1a). Several
topologies that track broadband signals while maintaining the properties of conventional switching
regulators have recently been reported. Two of these techniques are revisited in the following section, and
some more advanced approaches are briefly covered in Section V.

IV. Hybrid Envelope Tracking Modulators



Switching Modulator with Analog Linear Amplifier. The modulator's functionality can be improved by
using an analog amplifier [18]; class-AB or even class-B amplifiers are preferred because they are more
power efficient and usually exhibit a higher slew rate than conventional class-A amplifiers. The block
diagram of this architecture is depicted in Fig. 5(a). In this architecture, different from the switching
regulator controlled by a voltage feedback loop, as shown in Fig. 4, the switching regulator is based on a
ripple current feedback control scheme. The linear regulator reduces the ETM voltage ripple and offers
superior high-frequency performance. A linear amplifier's output current is proportional to the error
function and used to control the switching regulator's clock phases ¢1 and ¢2. The current feedback loop
of the switching regulator forces the linear regulator's current ira to be minimal, which reduces the
amplifier's power consumption, thus maximizing the ETM system's power efficiency. This approach
requires accurate characterization of the TX gain to predict the switching regulator's output correctly.
Timing equalization between the PA output and ETM output is equally critical.

In this architecture, the switching regulator provides most of the current with a contribution by the
amplifier to follow fast signal variations and reduce output ripple. The power-efficient switching regulator
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amplifier must provide high gain in the frequency range of interest for that purpose.

The linear amplifier power losses can be divided into two primary sources. The first component is the
static power loss due to the quiescent current of the linear amplifier. The second component is dynamic due
to the class-AB operation of the amplifier when processing the signal, which bounds the amplifier's power
efficiency to 78.5%. An expression for the linear amplifier’s approximate power consumption is:

Pra=Vpplyg + (Vpp — Vour)iLa (5)
where Iq is the quiescent current of the linear amplifier. The power consumption of the linear amplifier

increases when the delivered current I o increases; optimal power efficiency is achieved if ILa is minimized.
This goal can be achieved if the modulator's output current closely matches the current demanded by the
PA. The second aim of recent power optimization techniques is to reduce Ig [19]. There is a preference for
class-AB amplifiers operating close to class-B mode with minimum bias current.



Loop Controller: PWM versus Hysteresis. There are two principal control methodologies to distribute
current between linear and switching regulators: 1) pulse-width modulation (PWM) control method and ii)
hysteresis control. These control methods' primary operational principles, advantages, challenges, and
techniques derived from the conventional hysteresis and PWM control are discussed here.

The linear amplifier’s current is converted to a control voltage in a PWM control system. Then, after
passing through the compensation circuit, the current is compared with a synchronization signal and
modulates the duty cycle of the PWM signal to generate the proper signals to control the switching converter.
Switching noise from the switching converter can be attenuated by employing switching converters with
complementary phases. Multi-phase switching converters use PWM control with proper alignment between
phases to increase the effective frequency at the regulator's output and reduce ripple current. The PWM
control loop requires a compensation circuit for stable operation. The PWM control is an averaging process,
and its bandwidth is a fraction of the switching frequency [20].

In a hysteresis-controlled modulator, the linear amplifier is sensed and drives a hysteresis comparator
to control the switching amplifier’s current. The
comparator continuously compares its two inputs
and generates the proper signal to control the loop.
Consequently, the sense signal is bounded by the
hysteresis window. The advantage is that the
hysteresis-controlled loop is stable and does not Vew A Roerse
require compensation circuits. Thus, the loop speed
can be as high as the switching frequency. The
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Fig. 6. Hybrid envelope tracking modulator adopting
where Voo, Vous, Viyserysis, Rsense, L, and A; are the hysteresis control.
supply voltage, the output voltage of the supply
modulator, the comparator's hysteresis voltage, current sensing resistance, inductance value, and the current
sensing gain, respectively, as shown in Fig. 6. By selecting different design parameters, the switching
frequency can be optimized to benefit system power efficiency [17]. Since the output voltage Vo, is a time-
variant, the switching frequency of this control method is also a variable. Current-sensing devices are
needed in this approach because this is a vital block. The block is needed to ensure the stability of the
modulator. Sensing elements based on small series resistance or using strategy current mirroring are two

preferred techniques.

ETM Incorporating a Current Steering DAC. The amplifier-aided switching regulator shown in Fig.
5(a) presents several advantages. The closed loop operation of the amplifier represents an equivalent
impedance inversely proportional to its transconductance; the amplifier can reduce the glitch during the
PA's output signal transients that the highly efficient switching regulator cannot manage. However,
sufficient phase margin and wideband functionality are of primary concern.
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advances in flash ADCs and current steering DACs have demonstrated full functionality with conversion

rates above 1GSample/sec and modest power consumption. This architecture can deliver a large amount of

current in a few nanoseconds, which is impossible when using linear amplifiers. This approach presents a
higher slew rate and faster settling time when the loop encounters large input signal variations; the
ADC/DAC loop functionality benefits from the trend of the technology towards faster digital circuits. On
the downside, the ADC-DAC auxiliary system introduces quantization noise when converting analog
signals into a digital format.

Comparison of LA and DAC-aided switching modulators. The conventional switching modulator, the
ETM combined with a linear amplifier, and the ETM with an auxiliary DAC are compared through transient
simulations. The switching modulators are loaded by paralleling a 4Q resistor and 300pF capacitor and
using a pulsed current source. The inductance value is set at 75nH. The clock frequency used in the DAC-
ADC is set at 1GHz. The transient response is characterized by applying a voltage step at the modulator’s
input at t=Insec. An additional load current changes from 0-250mA at t=30nsecs.

The conventional switching modulator’s (SM) output follows the exponential behavior of a second-order
system until t=30nsecs; see Fig. 8(a). The load current is provided entirely by the inductor. The voltage
across the inductor dictates the current’s value. The current value is depicted in Fig. 8(b). The inductor’s
current slew rate is then limited by vi/L, where vi is the voltage across the inductor’s terminals. The
current’s slew rate can be increased by reducing the inductance value. However, this approach increases
the modulator’s output ripple. At t=30nsecs, the output of the conventional switching modulator reaches
2.4V, still far from the ideal output voltage of 3V. A sinusoidal signal of 3V at l0MHz presents a peak
voltage variation of 3.8V in 10nsecs. The conventional modulator is not able to track large and fast envelope
signals.
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Fig. 8. Transient response for the conventional modulator,
modulator plus linear amplifier (SR+LA) and modulator plus
DAC (SM+DAC): a) output voltage and b) inductor current.

can deliver/extract approximately 1 A in one
clock period; see Fig. 8. Inductance current
does not increase significantly because the
voltage across the inductor decreases because of the DAC current. Power consumption during a transient
is determined primarily by the DAC’s power consumption.

Load Current Variation. In addition to the voltage variation, the load current was changed from 0 to
250mA during the 30-40nsecs time frame. The output voltage variation is evident in the case of the
conventional modulator and the case of the modulator equipped with the linear amplifier. The modulators
require over 30nsecs after the step in the load current. Also, the results for the DAC-aided modulator are
depicted. Due to the fast response of the ADC and DAC, the glitch is relatively minor compared with the
other two cases. However, the ETM is more agile, with reduced glitches and a shorter recovery time. The
inductance current increase is lower in the case of the ETM with a DAC, making it extremely attractive for
cases with large input transients, which is the case for highly spectral-efficient modulation schemes.

V. Advanced Techniques in Hybrid Supply Modulators

Class-H Linear Amplifier. Recent optimization schemes use a dedicated system to modulate the power
supply that feeds the linear amplifier [22-25] Figs. 9(a) and (b) show two different techniques. The
architecture shown in Fig 9(a) modulates the supply voltage of the LA according to envelope level Veny.
A conventional buck converter is used for this purpose. The LA is AC-coupled to improve mid-range power
efficiency [22]. As shown in Fig 9(a), capacitor C isolates the low-frequency LA output and provides a
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controlled and can be very agile, but this approach
has limitations since the number of levels is usually limited to 3 or 4 in practical applications. The issue in
this topology is the efficient generation of the multiple power supply levels; a single-inductor multiple
output level topology is an attractive option, but other solutions employing switched-capacitor techniques
are possible. If the power supply levels are external, the effect of the bond wire inductors must be further
evaluated.

Efficient Linear Amplifiers. Wideband signal applications employing highly efficient spectrum coding
schemes demand linear amplifiers with stringent slew-rate specifications. The linear amplifier must have
sufficient bandwidth, a high slew rate, and a significant drive capability to track the envelope signal of the
large PAPR. A high slew rate is required. Consequently, the linear amplifier must use large bias current
levels, degrading its power efficiency. However, a further study of the OFDM signals shows that a high
slew rate is required only during a low percentage of the transmit time. The solution proposed in [26]
employs adaptive biasing and a gain-enhanced operational transconductance amplifier (OTA) connected in
parallel with the buck modulator. Authors in [27] use a current reuse technique to improve the amplifier’s
gain-bandwidth product without increasing its current consumption. Numerous other solutions are available
in the open literature.

Hybrid ETM employing multi-level switching modulators. Multi-level switching is another technique
devoted to reducing the modulator’s output ripple and improving the ETM’s power efficiency [28], as
shown in Fig. 10(a). The proper supply voltage level is selected according to the envelope level to reduce
the ETM ripple and adjust the slew rate of the inductance’s current. The class-G principle is used in the
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improves. A single inductor requires multiple
power supplies to implement this architecture. The
multiple switching levels wusually reduce the
inductance current ripple. This property allows us to
design wider band switching regulators with higher
efficiency. The multiple supply voltages are usually
off-chip, then the board and chip area increase.

Dual switching stages. Dual switching has been
proposed to minimize the LA’s current [29]. Fig. I — System Controller
10(b) shows dual switching stages in a hybrid Very —]
structure. The switching stages are classified as
follows: 1) L inductor, slow switching stage,
which operates at the same frequency as the
switching stage in a conventional hybrid structure, H
provides the DC and low-frequency modulator's <

||
providing high-frequency current. The controller is b
more complex because it requires current sensing
elements. Indeed, the goal is to arrange the clock Vout
phases lumped to Lgman such that LA’s current, Ipa, :(b)
is minimized. This goal is achievable for frequency Fig. 10. Hybrid Supply Modulators: a) with multi-level power

components within the modulator's bandwidth. supply andb) with dual switching inductors.

Still, the linear amplifier is required to track fast envelope variations.

| J9AlIpald |

output components; 2) Lsman inductor implements a
fast stage that switches at higher frequencies with
increased bandwidth to help the linear amplifier in

| JoALIpald |

Multi-phase switching. An alternative method uses a multi-phase switching scheme that differs from
the architectures that use slow and fast switching stages. The multi-phase switching modulators have several
identical stages/channels, working in a time-interleaved fashion. Consequently, the bandwidth of the
regulator is extendable without increasing the switching frequency of each stage. The phase of each channel
is managed so that, ideally, the ripple is canceled. However, the DC and fundamental current components
are added. In [30], four multi-phase channels are used; the switches are divided into 16 identical unit cells.
Then, the envelope signal is quantized to 16 different levels. The multi-phase switching mainly benefits
large signal variations, so the four channels can work in several phase modes. Adaptive control switches
the mode according to the envelope's amplitude.

Multi-level switching modulators with single supply voltage. The three-level switching converter (3L-
SWC) with a single supply voltage has also been used, as shown in Fig. 11. The multi-level input power
needed for class-G operation is provided by switching-capacitor techniques. The hybrid modulator has extra
switches, S| and S4, that pre-charge the flying capacitor C to Vaa. After the pre-charging phase, the capacitor
is used as a charge pump to generate a 2Vdd output when S7 is activated. The capacitor can also be strategically
pre-charged to V/2 through Ss and S¢ when driving low-power signals. The capacitor can be bypassed and
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Vas Applied. Thus, three different voltage levels — S,

can be applied to the inductor. This solution is ha — —

attractive for IC integration if the capacitor can v — System Controller - 2431

be integrated on-chip. This approach is claimed Vo — — Ss

to reduce the switching current ripple amplitude Venw — : 26

by at least 50% compared to conventional two- 7\/ Ve o
level converters [31-36]. PWM is the typical = T
control methodology in 3L-SWCs, which poses Feedback ' S ' |—S7—|';’||—Ss

several challenges. First, the loop bandwidth is
only a fraction of the switching frequency [11].
Therefore, the converter may have high
switching losses when it provides wideband

output current. Feedforward paths compensate
for the low-speed switching loop [10, 20] at the
cost of increased complexity in the control loop.

Fig. 11. Hybrid Supply Modulator with multi-level power supply

Second, a compensation circuit is required, generated by a switched-capacitor circuits.

which may reduce the modulator's overall

bandwidth even more. Usually, a PWM-controlled 3L-SWCs requires accurate timing signal generators.
This scheme relies on the process, voltage, temperature (PVT) variations, device mismatch, control signal
duty-cycle error, and device parasitics [34, 35]. Consequently, an additional calibration loop may be
required [32].

Recently, a three-level switching converter with a hysteresis control loop was reported [37]. Using a
hysteresis-based controller, the 3L-SWC provides a high-speed control loop. This topology results in low-
ripple and low-loss properties while relaxing the challenges associated with PWM-controlled loops. The
architecture uses a concurrent flying capacitor voltage regulation. Authors in [38] proposed a dual-channel
three-level buck-boost converter that reduces the complexity of the control loops needed to regulate the
flying capacitor voltage.

Digitally controlled switching regulators. Hysteretic control presents several advantages due to its
straightforward control loop and higher system bandwidth than the conventional PWM control engine.
Large hysteresis factors result in lower operating frequencies but additional latency and higher output
ripple. Small hysteresis values result in less latency but higher switching frequencies. Long latency is due
to the hysteretic control, resulting in higher linear amplifier power consumption. The latency has some
implications: 1) the loop can only respond after a signal variation larger than the hysteresis value occurs;
2) for limited loop bandwidth, it is challenging to track fast signal variations. The digital feedforward
controllers based on predictions are viable alternatives.

The solution reported in [39] predicts the output current of the switching regulator instead of monitoring
and feeding it back. The predicted current is then compared with the input signal's future envelope value to
generate the switching regulator's control sequence. These operations are all performed in the digital
domain, leading to an agile predictive controller. This solution adopts a fixed lookahead approach, making
it very effective for narrow-band applications but of limited benefit for wideband applications. Solutions
reported in [40, 41] suggest using intelligent digital algorithms, adaptively adjusting the lookahead amount
based on signal properties (signal velocity and amplitude), to find the optimal switching timing that
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minimizes the mismatches between the load current and the output current of the switching regulator.
Further developments would result in wideband functionalities with better power efficiency figures.

Table I compares the performance of a few recently reported broadband modulators with similar output
power and peak-to-average power ratio. Although fabricated in 90nm technology, the architecture based on
slow and fast modulators ([29]) achieves 88% peak efficiency for 0.8 W output power while handling a 100
MHz signal bandwidth. Very competitive results are achieved if the 3-level buck-boost modulator ([37])
is added, achieving 91% peak efficiency in a bandwidth of 80MHz. [30] employs CMOS and GaN
technologies and is based on the 4-phase switching approach; power efficiency is very similar to the ones
reported in [38], which employs vanilla 90nm CMOS. Fabricated in a 40nm CMOS technology, the
architecture reported in [40] can manage signal bandwidth up to 160MHz and achieves a power efficiency
of 74% while tracking a signal envelope with a PAPR of 5 dB.

The last two rows of Table I provide the performance characteristics of the entire RF transmitter (ETM
+ PA). The testing signals are around the same average power and PAPR when testing ETM only and
testing ETM + PA if not annotated.

Table I
Reference [29]ISSCC' 19 [30]JSSC' 21 [37]JSSC' 19 [38] ISSCC' 21 [40] JSSC' 22
Slow SM* + fast
. Slow SM* + fast o SM* & Digitally controlled
Architecture SM* 4-phase switching Three-level buck Three-level buck- switching
boost
0.5um GaN +
Process 90nm CMOS 180nm CMOS 65nm CMOS 90nm CMOS 40nm CMOS
Protocol 5G NR 100MHz 5G NR 130MHz LTE-A 80MHz 5G NR 130MHz OFDM 160MHz
Avg. Out Power (W) 0.8 3.5 1 3.53 0.6%*
. 91 @80MHz
0,
Peak Efficiency (%) 88 85.7 93 @40MHz 84.1 74
7.84 @80MHz
PAPR (dB) 6 6.3 $.06 @40MHz 6 5
Performance of ETM + PA
RF Power (dBm) 23 26 24 26 22.3 @12 dB PAPR
ACLR ( dBc) -38.1 -39.2 -32.5 -37.7 -35 @12 dB PAPR

* SM is the abbreviation of supply modulator

** Extracted and calculated from the graph

VL. Practical Design Issues

Since the drain voltage generated by the ETM and main signal paths experience different delays, a timing
alignment engine is required to avoid excessive nonlinear PA operation and spectral regrowth. As the signal
bandwidth increases, the timing mismatch becomes more critical. Another significant issue is the magnitude
mismatch between the envelope modulator's drain voltage and the PA’s output magnitude. The PA
experiences early saturation if the ETM’s output is less than required, and the system power efficiency
degrades if the ETM output is larger than needed. Therefore, the practical ETM system demands a
calibration engine.
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ETM: Design Issues. TX timing and gain
characterization are necessary for the effective
operation of the envelope tracking system. Fig. 12

PA Signal Envelope
Ideal ETM Voltage

ETM with Excessive Voltage
ETM with Timing Mismatch

illustrates several scenarios. The envelope of the PA
output voltage is shown in black. The ideal voltage
generated by the envelope tracking system must be
identical to the envelope of the PA output but
shifted by a voltage offset needed for PA
functionality; the ideal ETM voltage corresponds to
this case. If the magnitude of the signal generated
by the ETM is larger than needed (ETM with U U RF PA Output

excessive voltage), then the power efficiency will
be reduced. In the other case, if the ETM voltage is

smaller than needed, the PA will become very Fig. 12. PA output waveform and its envelope. Several
i d si 1’ liopi 11 arise. Tt is al ETM output voltages are shown including the ideal ETM
nonlinear, and signal clipping WIiL arise. It 18 alSo ., 1ta0¢ as well as the effect of ETM magnitude and timing

evident that timing mismatch is detrimental. erTors.
A potential calibration scheme is Digital Signal Processor
displayed in Fig. 13. An analog ADC >+
multiplexer MUX selects either the _ ADC Down
calibration mode or the regular y v v Converter
. . . . Timing | Power
operation mode. During calibration, the Esilieiien Estimation Down Converter
calibration signature is routed to a v
. . a . ACLR
digital calibration scheme. After up- | InputSignal Estimation Sl T
conversion, the input signal is routed to ¥ b Buck Converter Linear —&
a programmable digital delay element MUX > i?"b'_at:o” Regulator
. . gorithm
and then applied to the PA. The signal F ) Voo
is also injected into the ETM system. | Calibration v B
Two controlling loops can be identified L2822 | Lo AT 2 DAC>" Up Converter—>| PA orout
u

in this architecture. The PA output is =
monitored and down-converted. and Fig- 13. Transmitter with digital calibration scheme employing linear

feedback to measure its non-idealities and power gain. PA’s biasing is
generated from the combination of switching and linear regulators.

the baseband information is converted
into a digital format. The baseband
signals are compared. The magnitude and phase errors are identified and corrected through a smart-
calibration algorithm. The programmable delay element AT is adjusted to calibrate for delay mismatches in
the two paths based on the results of the timing estimation engine. The parameters of the ETM are adjusted
according to the results of the power estimation block.

The PA characterization scheme can be incorporated into the architecture shown in Fig. 13. During the
PA calibration process, the TX gain must also be characterized. The calibration algorithm compares the
PA’s output magnitude and input signal to characterize the power gain for different power levels. These
measurements help to provide an educated prediction of the TX output level. The ACLR can also be
measured by proper filtering. A digital linearization engine can be trained to reduce the power of the aliased
components in neighbor channels.

Conclusions
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This paper revisited the most promising techniques for designing power-efficient power amplifiers. The
power efficiency of linear power amplifiers is often improved by using class-H and class-G techniques. The
principle behind these techniques is to modulate the power supply providing the minimum voltage needed
for the proper operation of the PA. For this purpose, the time-variant power supply must be correlated with
the PA's output signal envelope. For the case of a sinusoidal signal, its envelope consists of a DC component
and even-order components, dominated by the second-order component. Therefore, the bandwidth of the
envelope signal is at least twice the bandwidth of the original signal. If additional accuracy is needed, the
bandwidth of the envelope tracking system must be as much as four times the original signal bandwidth.
Thus, current trends in ETM systems focus on increasing the bandwidth of the linear amplifiers. Alternative
techniques include using multiple power supplies, current steering DACs, or multiple inductors. Each
technique presents a different challenge.

Hybrid modulators using switching regulators and linear amplifiers have become the mainstream
envelope tracking systems for wideband applications. However, there are switching frequency issues
because of the limited bandwidth of switching regulators. Multi-level switching results in lower inductor
ripple and more nuanced slew-rate control of the output current. The result is better tracking of wideband
signals. The multi-phase switching utilizes multiple switching stages in a time-interleaved manner to extend
the bandwidth of the switching regulator. The slow-buck/fast-buck scheme uses two switching regulators
optimized for different switching frequencies, covering the envelope's low-frequency and high-frequency
parts. Digitally controlled switching regulators optimize the switching timing based on predictions to
minimize the difference between the load current and the switching regulator’s output current.

There are two additional requirements. It is necessary to model the PA’s gain function to generate a
precise ETM signal. PA pre-characterization employing test signatures is a suitable approach. The second
requirement is to synchronize the PA's output signal and the voltage level generated by the envelope
tracking modulator. The signal chain delay through the amplifier differs from the delay used by the ETM
for the generation of PA bias voltage. Smart-timing calibration techniques are needed. Machine learning
techniques may be appropriate for characterizing complex modulation schemes.
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