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Design and Implementation of Envelope Amplifier
and Power Amplifier for Envelope Tracking in
Polar Transmitters
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Abstract— Envelope tracking is an amplitude modulation
technique for a polar transmitter. The circuit for implementing
envelope tracking technique consists of an envelope amplifier
(EA) and a power amplifier (PA) whose design and
implementation on Cadence Virtuoso platform is presented. The
envelope amplifier amplifies the envelope signal by a gain of 2
and the power amplifier requiring a power added efficiency
(PAE) of 55-60% and a peak to average ratio (PAR) of 4-6dB
tracks the envelope of the transmit signal to ensure it operates
linearly, i.e. the supply voltage rides above the amplitude
modulated signal. The envelope and phase signals are generated
from envelope and phase power supply sources available in
Cadence Virtuoso. The overall system efficiency is determined by
the product of the envelope amplifier efficiency and PAE of the
RF power amplifier.

Index Terms— Polar transmitter, envelope tracking, phase
modulation, amplitude modulation, envelope amplifier and power
amplifier.

I.INTRODUCTION

The transmitter architecture called polar transmitter is
different from conventional quadrature transmitter. Polar
modulation techniques offer the capability of multimode
wireless system and the potential for the high efficiency
Power Amplifier (PA). As we know, any input signal of
baseband message is decomposed into magnitude and phase
signal, and then goes through envelope modulator and phase
modulator respectively. The modulated envelope and phase
message signals are combined and amplified by switched-
mode PA.

A. Polar concept-

The phase component modulation is applied using the phase
locked loop (PLL) while the amplitude component
modulation is applied at the PA. Since the amplitude of the
phase-modulated signal produced by the PLL remains
constant, it can be amplified using very efficient, saturated
or compressed amplifiers. This dramatically reduces DC
power consumption by the transmitter [6].
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Ideally, the amplitude modulation is applied at the PA as
this approach is potentially the most efficient [6]. That is
because the sole purpose of the PA is to amplify the transmit
signal to a strong enough level to establish a reliable
wireless link.

As such, it dissipates more dc power than any other circuit
in the wireless transceiver. The best PA efficiency is
achieved with a saturated PA that operates as a switch and
toggles between the positive regulated voltage and ground.
Its design pushes the device voltage toward ground during
the output current peaks, minimizing power dissipation in
the transistor. As a result, a saturated PA can achieve
efficiency levels above 60 percent or higher. This type of
PA produces strong harmonics and requires an output filter
to select the RF carrier. In practice, the amplitude
modulation (AM) is applied to the saturated PA by adjusting
the positive regulated voltage. This is usually accomplished
with a DC-DC converter or switching regulator with
extremely good efficiency. In practice, the regulator’s
efficiency depends on the switching frequency, which also
affects the supply noise and the AM signal’s bandwidth.
Using this approach produces nearly ideal amplitude control
all the way down to low supply voltages. At these low
supply voltages, the transistor acts less like a switch, and
distortion results [6].

An alternative PA topology using envelope tracking
operates less like a switch and more like an amplifier to
reduce distortion. In this PA the DC-DC converter tracks the
envelope of the transmit signal to ensure that the amplifier
operates linearly. That is, the supply voltage rides above the
AM signal. This type of system can adapt if the bandwidth
of the dc-dc converter falls short of the AM signal
requirements. This approach achieves approximately 50
percent efficiency. Both PA modulation approaches improve
efficiency at moderate to high output power levels [6].

We can express phase and amplitude with a theoretical
justification for the polar method of modulating the
amplitude and phase of a carrier of radian frequency wo. any
modulated waveform x(t) at carrier frequency ®0 rad/sec is
expressed with full generality by the expression-

X(t) = Re (y(®) &= ) )

Where is a complex waveform that may be expressed in
polar format as -

y(© = rp) &M @)

Here, r (t)>=0, the envelope and 6(t) belongs to (-x,+ w), the
phase are both real numbers. Hence we get,
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h{t:] = Re{r{ﬂeilzﬁn‘t+{":t:'] ::| = r{t:]x IZ.I:ISI:IIIIIIt+ B{tjj (3)
The above equation shows that amplitude and phase
modulated signals are combined at the power amplifier

[11[2].

Il.  PROJECT

The polar transmitter (Tx) systems have timing mismatches
between AM and PM paths at the PA, large bandwidth
required for polar transmission and the 1/Q to polar
conversion (CORDIC processing) is non-linear which
expands the bandwidth of the AM and PM signals [1]. These
major issues can be significantly relieved by using a
modification of conventional polar Tx architecture called
Envelope Tracking (ET) -based polar Tx architecture as
shown in fig. 1 [1].
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Fig. 1- A simplified block diagram of a RF polar Tx using
ET technique.

A. Principle of an envelope tracking -

Fig.2 illustrates the principles of an envelope tracking
power supply amplifier, which detects the envelope of the
RF amplifier input signal and controls the RF power
amplifier power supply voltage accordingly. Using a
variable Vpp reduces average power dissipation and
increases permissible peak output, and thus enables higher
amplifier power efficiency than is possible with a fixed
power supply voltage. This circuit consists of an operational
amplifier, used as a wideband voltage source, plus a DC-DC
converter used as a high-efficiency current source [11].
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Fig. 2 — Principle of ET

B. Generation of envelope and phase signal -

In a polar transmitter, the phase and amplitude signal
components are generated by the CORDIC processor
(Appendix).A baseband signal is represented by [3] —

Vel = x0 + j=y® )
In the CORDIC processor, this baseband signal is split into
envelope signal A (t) and phase signal 6 (t) [3].

AD = (=02 £ y©OH! ®)
0 = tan s
= ] ©)

As the envelope signal has a square root function, all
envelope values are positive values and both sides of the
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phase signal are tracked with respect to these envelope
signal values. That is why the envelope signal is single
ended input [3].

Since the design of the CORDIC processor or envelope
detector is not dealt with, the envelope and phase signals are
generated from envelope and phase sources available in
Cadence Virtuoso and then envelope modulation followed
by envelope tracking with PA is designed and implemented.
The range of envelope signal variation is from 0.6 V to 1V
which is obtained on the basis that the power supply to the
complete system is 3V and for the PA of a GSM/EDGE
system to have input power supply of 8dBm and PAR of 55-
60% , the envelope range at the input of the op-amp has to
be between 0.6-1V so that when given a feedback gain of 2
and supplied to the Vpp of PA, the envelope signal ranges
from 1.2-2V giving input power of 8dBm and PAR of 55-
60%. The phase signal given as RF input to the PA has
phase 45-60deg and frequency 2GHz [1].

C. Operation of conventional envelope amplifier -

High efficiency power amplifiers (PAs) are critical in
portable battery-operated wireless communications because
they can dominate the power consumption. The traditional
ET system improves the efficiency by driving the radio
frequency (RF) transistor in switch mode (Class D/E mode)
with a constant amplitude phase signal and superimposing
the envelope signal at the collector/drain of RF transistor.
The highly efficient envelope amplifier is critical to the ET
system since the total system efficiency is the product of the
envelope amplifier efficiency and RF transistor drain
efficiency, i.e:

Total EffiCienCy N =N envelope amp- X 1 RF transistor (4)
The wideband envelope amplifier is composed of a parallel
linear voltage source and a highly efficient switched current
source.

Fig.3 shows the conventional envelope tracking power
supply circuit, with the RF amplifier we modeled as a
resistance load. When we input a DC signal, the operational
amplifier provides current to the load resistance such that
the output voltage equals the input voltage and the voltage
across the sense resistor terminals increases. When a
comparator turns on the MOSFET switch, the current in the
inductance increases gradually and the operational amplifier
current decreases.

The voltage across the sensing resistor decreases until the
comparator turns the MOSFET switch off. Then the current
in the inductance decreases gradually, and accordingly the
voltage follower output current increases to make up the
output current. These actions are repeated (in other words,
the circuit oscillates). The hysteresis band determines the
gap between switch-on and switch-off points. The larger the
hysteresis band, the longer the switching interval. Also, the
larger the inductance the longer the switching interval.
Therefore, we see that the switching frequency is inversely
proportional to both the inductance value and the hysteresis
band (fig. 3.4, 3.5, 3.6) [11].
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Comparator

Fig 3. — Envelope tracking circuit
The envelope amplifier has 3 modes of operation [1][2][3]

1) Linear operation for small signal envelope —when the
average slew rate of switching current is much larger
than the average slew rate of load current The
switching stage can provide both the DC and AC
components of envelope signal.

2) Large signal operation —when the average slew rate of
switching current is much smaller than the average slew
rate of load current .The switching stage can provide
only the DC component while AC component will be
provided by linear stage. The average switching
frequency of the buck converter is the same as the
signal frequency which the current sensor R can detect.

3) Matched slew rate point — when the average slew rate of
switching current is equal to the average slew rate of
load current [1].

I1l. RESULTS- SIMULATION AND ANALYSIS
Table 1 — overall design specifications [1][2][8][31][32]

CMOS Technology 180nm
Power supply (Vob) 3V
Output Power 18.2dBm
Frequency 2GHz
Input Power 8dBm
Average Power 50mwW
Peak Power 120mw
PAR 4-6dB
PAE 55-60%

A. Circuit design for envelope amplifier-

The components of the envelope amplifier comprise of

op-amp (linear stage), comparator and buck converter
(switching stage) as shown in fig. 3 [1].
The op-amp used in the envelope amplifier has to be used as
a simple amplifier with a feedback gain of 2 [1] and thus a
simple two-stage op-amp suffices the requirements of the
envelope amplifier. Fig.4 shows the schematic of the
designed op-amp and fig.5 shows the op-amp feedback
linear stage with gain 2.
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Fig. 4 — designed schematic of op-amp

Fig. 5 — designed schematic of linear stage

A comparator is a device that compares two voltages or
currents and switches its output to indicate which is larger.
Fig. 4.4 depicts the circuit of the latched-type comparator in
the EA design. The reason for using a latched-type
comparator is that both the inputs to the comparator are
expected to be equal at all times and a latched-type
comparator helps in saving power as it is switched on only
at regular intervals to check the inputs and thus conserving
power while its off. Fig.6 shows the designed schematic of
the comparator.
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A buck converter in fig. 7[1 and 29] is a step-down DC to
DC converter. It is a switched-mode power supply that uses
two switches (a transistor and a diode) and an inductor. The
conceptual model of the buck converter is best understood in
terms of an inductor's "reluctance” to allow a change in
current. The variation in the design of the buck converter
presented requires it to maintain a constant current supply to
the load (PA) of 5mA and keep the voltage variation
constant at 1V.

Fi. 7 -esid schematic of comp
stage

rator sihig '

B. Circuit design of power amplifier-
Table 2 — Target specifications of power amplifier [1]

and Power Amplifier for Envelope Tracking in Polar
smitters

not dealt with in this project. Vout shows the combining of
both signals and it can be observed that the amplitude is
limited to 1.25V which is that of net03 and the frequency of
1GHz that of net16 with the same phase.

Fig. 9 — designed schematic of ET circuit
Fig. 10 shows the transient analysis response of EA having
matched inputs to the comparator. Here, netl6 is the
envelope input to linear stage, net9 (vin+) and netl0 (vin-)

inputs to the comparator and vO is the output of the

comparator.netl6 is the original envelope signal.

Quality Factor >1
Frequency 2GHz
Phase 45-60 deg
Input power 8dBm
Output power 18dBm
PAR 4-60B
PAE 56-60%
Power Supply (Vob) 1.2-2V

Cascode configuration as shown in fig.8 is a convenient
method to increase the output power of amplifiers especially
in Class-E amplifiers where high peak drain voltage
prohibits the use of high supply voltage. The signal at the
output can deliver twice the power than the single ended
output. Another advantage is that the current is discharged
twice in each cycle minimizing the common mode signal
and reducing the substrate coupling effects. To ensure that
the envelope of the RF signal varies continuously with
respect to its supply voltage, the Vpp of the PA is the
envelope signal which is also shorted to M; as its Vge.

Fig. 8 — designed schematic of PA

C. Combining of phase and amplitude signal-

Fig. 9 shows the complete designed schematic of ET circuit
in which net03 denotes the amplitude signal coming from
the comparator switching stage and netl6 is the phase
signal. Both the signals are assumed for combining here as
they are generated at the output of the CORDIC processor
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Fig.10 — Transient response of envelope amplifier in ET
circuit
Fig. 11 shows the output generated by the power amplifier
when a phase signal (net29) is applied to one of its inputs.
The frequency of phase signal is 2 GHz at 60 deg phase.
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Fig. 11 - Transient response of power amplifier in ET circuit
Fig. 12 shows the DC analysis response of the envelope
amplifier for a voltage range of -3V to 3V.
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Fig.12— DC response of the ET circuit
Fig. 13 shows the AC analysis response of the ET circuit.
The analysis shows a peak in the range of 1-2GHz denoting
its required range of operation.
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Fig. 13 — AC response of ET circuit
Fig. 14 shows the parametric analysis for the final ET output
signal with a variation in power from 1V to 2 V showing
how the output remains stable as required in this range.
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Fig. 14 — Parametric analysis of ET circuit
Fig. 15 shows the power analysis of the ET circuit. The peak
power obtained using the calculator in Cadence is 135.4
mW and output power is 30.85dBm.
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Fig. 15 — Power analysis of ET circuit
Fig. 16 shows the energy of a complete cycle. The energy of
a single cycle obtained using the calculator in Cadence is
51.7e-9J.
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Fig.17 shows the power spectrum analysis of ET circuit
which also gives the following values - SNR = 5.66 dB;
SNDR = 31.14 dB; ENOB = 6.431 bits and SINAD = 5.66
dB.

..036 "Rectangu

Fig. 17 — Power spectrum analysis of ET circuit
Fig. 18 shows the noise analysis of ET circuit and Fig. 19
shows its noise summary.
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Fig. 18 - Noise analysis of ET circuit

Device  Param  Noise Contribution % Of Total
/R m 2.71468:-18 8116
/i3 id 3.81304e-19 11.40
/ma id 2.44404e-19 1A

/g fn 2. 60568e-21 0.08

/i fn 1. 7338021 0.05

/i3 I3 1.38704e-20 0.00

/ma I3 4. 05308e-23 0.00

Spot Nolze Summary (in ¥2/Hz) at 26 Hz Sorted By Nolse Contrihmtors
Total Sunmarized Noise = 3. 34505e-18

No input referred nolse available

The zhove nolse sumary info is for noise data

Fig. 19 - Noise summary of ET circuit
Table 3 shows the summary details of all the simulated
results of ET circuit with matched inputs to the comparator.

Table 3 — Summary of simulated results from the ET circuit

schematic
Parameters Expected Simulated
results results
CMOS Technology 180nm 180nm
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GB of full system 190MHz 160MHz
Output Power 18.2dBm 30.85dBm
Frequency 2GHz 2GHz
Input Power 8dBm 9.83dBm
Average Power S0mwW 34.28 mW
Peak Power 120mwW 135.4 mW
PAR 4-6dB 5.975dB
PAE 55-60% 58.823%

1V. CONCLUSION

The designed envelope and power amplifier for envelope
tracking achieved the entire bandwidth of 160MHz as
opposed to the desired 190MHz as it is in this bandwidth
range of 160MHz that the system operates as required
achieving a PAR of 5.975dB successfully in the desired
range of 4-6 dB and a PAE of 58.823% in the desired range
of 55-60% for a GSM system. Also, the design requirements
of individual blocks (op-amp, comparator and P.A.) are met.
Thus, a design for envelope amplifier and power amplifier
for envelope tracking in polar transmitters has been
implemented and also individual results have been simulated
and analyzed in Cadence Virtuoso platform.
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