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Abstract—An efficiency-enhanced power-amplifier system
design is presented based on wide-bandwidth envelope tracking
(WBET) with application to orthogonal frequency-division multiplexing wireless local area network systems. Envelope elimination
and restoration (EER) and WBET are compared in terms of the
time mismatch sensitivity between the base-band amplitude path
and the RF path, and it is demonstrated that WBET is much less
sensitive than EER to these effects. An adaptive time-alignment
algorithm for the WBET system is developed and demonstrated.
The analysis and algorithm are verified by experimental results.
The measurement shows that the peak drain efficiency of the complete system was 30% at a 2.4-GHz orthogonal frequency-division
multiplexing output power of 20 dBm.
Index Terms—Envelope elimination and restoration (EER), envelope tracking (ET), orthogonal frequency-division multiplexing
(OFDM), power amplifiers, power tracking, time alignment, wireless local area network (WLAN).

I. INTRODUCTION
IGH-EFFICIENCY RF power amplifiers (PAs) are critical in portable battery-operated wireless communication
systems (such as cellular phones, personal digital assistants, and
laptops) because they can dominate the power consumption [1],
[2]. PAs demonstrate the highest efficiency when operated in the
compression region (such as in Class-A, Class-AB and Class-B
modes) or in the switching mode (such as Class D, E, F) [3]–[5].
However, these highly efficient nonlinear PAs can only amplify
constant envelope modulation signals [such as global system
for mobile communcations (GSM)] without nonlinear distortion. With modern wireless communication systems evolving to
more spectrally efficient and higher data-rate modulation formats, highly linear PAs are required to avoid the out-of-channel
interference [e.g., adjacent channel power ratio (ACPR)] and
distortion [e.g., error vector magnitude (EVM)].
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For example, the wireless local area network (WLAN)
802.11 g standard employs 64-QAM modulation and 52 orthogonal frequency division multiplexing (OFDM) carriers at a
54-Mb/s data rate. This modulation format has a high envelope
peak-average ratio (PAR) of 8–10 dB. The WLAN 802.11 g
specifications for the transmitter design are summarized in
Table I [6], [7].
The traditional approach to linearly amplify the nonconstant
envelope modulated signal is to “back off” the linear Class-A or
Class-AB PA’s output power until the distortion level is within
acceptable limits. Unfortunately, this lowers efficiency significantly, especially for high PAR signals. Thus, there is an inherent tradeoff between linearity and efficiency in PA design.
This problem has been thoroughly investigated over many
years and envelope elimination and restoration (EER) [8]–[10],
predistortion [3], [4], feedback [3], [4], feed-forward [4], Doherty [11], envelope tracking (ET) [12]–[15], linear amplification with nonlinear control (LINC) [16], and gate dynamic biasing [17], [18] are just some of the techniques explored.
Power supply control schemes offer the greatest potential for
high-efficiency operation for high PAR signals. There are three
traditional dynamic power-supply control schemes for PA efficiency enhancement: EER [8]–[10], wide-bandwidth envelope
tracking (WBET) [12], and average envelope tracking (AET)
[13], [14]. Figs. 1 and 2 show the block diagrams of the traditional EER and envelope-tracking (ET) systems. EER uses a
combination of a switching-mode PA and an envelope remodulation circuit. ET utilizes a linear PA and a supply modulation circuit where the supply voltage tracks the input envelope.
The WBET scheme tracks the instantaneous wide-bandwidth
input envelope signal power, whereas the AET scheme follows
the long-term average input envelope signal power. This later

0018-9480/$20.00 © 2005 IEEE

WANG et al.: DESIGN OF WBET POWER AMPLIFIERS FOR OFDM APPLICATIONS

1245

A. Optimum Efficiency Biasing of the ET Amplifier
As a first step, the power amplifier can be modeled as having
,
, and
) and two outthree independent inputs (
puts (
and
) i.e.,

Fig. 1. Block diagram of EER system.

Fig. 2. Block diagram of ET system. The bandwidth of the amplitude detector
determines whether the system responds to the long-term average of the
envelope—AET—or the instantaneous variations in the envelope—WBET.

approach is especially useful for systems with dynamic power
control—such as the reverse link in code division multiple access (CDMA) [19]. Section II will discuss the WBET system
design, which exhibits nearly the same potential efficiency improvements as EER, but is less sensitive to path mismatch effects.
Even though both EER and WBET are promising for WLAN
OFDM signals, two important issues for both schemes are the
time alignment between the base-band amplitude path and the
RF path and the wide-band high-efficiency envelope amplifier
design. In this paper, we focus on the time alignment between
the envelope and RF paths in order to minimize the distortion
and EVM. Section II compares the sensitivity of the EER and
WBET schemes to time misalignment, and Section III presents
a technique for optimizing the alignment between the baseband
amplitude and RF paths.
Section IV presents the experimental performance of the
WBET system with digital predistortion for a WLAN 802.11
OFDM application.

II. WBET SYSTEM DESIGN
The block diagram of the proposed ET system is shown in
Fig. 3. The amplitude signal is calculated from the complex
baseband signal and amplified by the amplitude amplifier, providing a dynamic drain voltage to the RF transistor. The am,where and are the real and
plitude is
imaginary parts of the complex baseband signal. At the same
time, the digital IF signal is upconverted and amplified by the
RF power transistor biased (in our case) in the Class-AB region.
The two important system related issues for the WBET amplifier design are the optimum biasing of the amplifier to achieve
maximum power-added efficiency (PAE) and the time alignment of the RF and baseband amplitude signals.

(1a)
(1b)
and
refer to the input and output RF signal
where
powers,
is the dynamic drain supply voltage,
is the
is the dynamic drain
dynamic gate biasing voltage, and
supply current.
Since the output power probability density function is fixed
[6], [7], we can control the independent variables
,
,
to obtain the highest PAE at each output power. For
and
example, Fig. 4 shows a single-tone ADS simulation of the op,
, and
for the
timal (in the sense of highest PAE)
2.4-GHz GaAs MESFET Class-AB power amplifier described
in Section IV.
Based on the probability density function of the RF signal,
the average drain efficiency can be calculated as [12], [19]

(2)
and
are the drain voltage and
where
drain current, which are the functions of the output RF signal
, and
is the probability function of the
power
output power.
Note from Fig. 4 that the optimal
curves coincide with
,
the theoretical envelope given by
where
is the load resistor of the transistor, so a linear
transformation of the baseband amplitude signal is optimum for
provides
the envelope amplifier. Also note that a constant
nearly optimal performance, where the device is biased deeply
into the Class-AB mode.
The wide gain variation illustrated in Fig. 4 will result in significant nonlinear distortion and poor EVM. We describe an improved baseband AM–AM and AM–PM predistortion technique
in Section IV to improve the linearity so that the ACPR and
EVM requirements are met. Fig. 5 shows a comparison of simuClass-AB performance and
lated PAE between the constant
“ideal” ET performance using the biasing approach of Fig. 4.
Note that the PAE is improved significantly over a wide range
of output powers.
Another important issue is determination of the optimum
approaches zero. Table II
minimum drain voltage when
compares the simulated EVM and efficiency results between
V and two ET
the fixed-bias Class-AB PA
and
V, respectively. The ET
amplifiers with
V case provides both improved linearity and
PAE, due to the higher gain at
V.
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Fig. 3. Block diagram of WBET architecture with baseband predistortion and time-alignment algorithms.

Fig. 4. Agilent ADS Simulation of the optimum (for maximum PAE) of V ,
V , and P for the 2.4-GHz GaAs MESFET class-AB PA of Section IV. The
theoretical amplitude of the output signal is (R P ) .

B. ET System Time-Mismatch Analysis
A major concern with any supply control amplifier (either ET
or EER) is the sensitivity of EVM and distortion to the time
mismatch between the two signal paths. In order to study this
effect, we used the Cann model for the amplifier [20]

Fig. 5. Comparison of amplifiers of Fig. 4, where the drain bias is varied for
maximum PAE (ET) and the drain bias is fixed at 4.4 V. The 802.11 g 64-QAM
output amplitude power probability distribution is also shown.
TABLE II
CLASS-AB PA AND
SIMULATED PERFORMANCE OF FIXED V
DIFFERENT ET CONFIGURATIONS AT Pout = 12 dBm

(3)

where and are functions of
: models the small-signal
gain (in the PA linear region), models the transition from the
linear to the saturation region and is roughly independent of
, and models the saturated output value. [In this paper,
the amplifier nonlinear behavior is modeled as AM–AM as (3).
Compared to AM–AM, AM–PM can be neglected for small devices [13].]
are the RF output and input voltages,
In this case, and
versus
for different
respectively. Fig. 6 compares the
by ADS simulation of the circuit described in Section IV

and the Cann model. With this model, the time-mismatch sensitivity can be analyzed.
The relative simplicity of the two-tone test signal eases the
mathematical analysis of sensitivity of the EER and ET systems
to the time mismatch (between the amplitude path and RF path).
The two-tone modulated RF signal is defined by
(4)
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Fig. 6. Comparison of ADS simulation and Cann model of the GaAs MESFET
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Fig. 7. Simulated two-tone EER system with time mismatch between
baseband amplitude and RF phase. The modulation frequency is 20 MHz, and
the baseband amplitude path time delay is 2.5 ns.

where
is baseband modulation frequency and
is the RF
carrier frequency.
Thus, the baseband signal of the two-tone RF signal is

magnitude of the intermodulation distortion introduced by the
time mismatch for a two-tone signal is

(5)

(10)

where the amplitude and phase signals are
where

(6a)
(6b)
is a square wave with a value of 1 or 1 with the
same period as the modulation frequency. Expansion of the amplitude signal as a Fourier series produces

is the bandwidth of the two-tone signal:
, and is the time mismatch between the baseband amplitude and RF phase.
By contrast, the output envelope of the WBET system is [from
(3)]
(11)

(7)
where
is the dynamic drain voltage and it is a linear
time-delayed function of the input envelope signal, i.e.,

where
(8)
If the time mismatch between the baseband amplitude and
the RF phase path is for an EER system, then
,
and, therefore,

(12)
The quantities
and
are functions of dynamic
(extracted in Fig. 6) as
drain voltage

(9)

(13a)
(13b)

Fig. 7 shows the simulated EER amplitude signal, phase
signal, distorted output baseband signal, and error signal for a
two-tone input with a time mismatch of 2.5 ns. The distorted
output baseband signal indicates that, even for the ideal EER
system, a time mismatch between the amplitude and phase
produces error and intermodulation distortion. According to
Raab [21] and Su and McFarland [10], for small delay, the

Since the WBET amplifier is nonlinear, predistortion is implemented in our proposed system. To focus on the distortion
caused by the time mismatch and the resulting nonlinear limiting behavior, we assume that the predistortion is ideal, and
any intermodulation and harmonic products generated by the
nonlinearity of (11) will therefore be eliminated. However, nonlinear distortion is then re-introduced due to the time mismatch
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Simplified ET system block diagram. The time mismatch between the baseband amplitude and RF amplitude/phase is  .

of the amplitude and RF signals. As a result of the predistortion, the Cann model parameter approaches infinity, and the
denominator of (11) becomes a “hard limiter,” i.e., s
(14)
By calculating the linear delayed amplitude signal before
hard limiting and then limiting the resulting signal as shown in
Fig. 8, the output amplitude signal is shown in Fig. 9.
Prior to hard limiting, the amplitude of the RF output signal
is
(15)
Substituting (12) and (13a) into (15), the amplitude of the RF
output signal is

(16)
Note that in (16) the delayed magnitude signal
is a nonlinear function of
: the multiplication of
will generate intermodulation products.
However, the predistortion will eliminate those nonlinear
terms, leaving a remaining linear but delayed result.
is described as [from
The multiplication of
(7)]

Fig. 9. Two-tone ET system with time mismatch between baseband
amplitude and RF amplitude/phase. The modulation frequency is 20 MHz, and
the baseband amplitude path time delay is 2.5 ns.

From the above, the linear product of the multiplication is

(18)

where
represents the sum of all of the dc components resulting from the mismatch, and the nonlinear part is

(19)
(17)
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Adding (18) to (16) yields

(20)
Fig. 10. Simulation of two-tone ET amplifier with time-delay mismatch. Note
the distortion in the output amplitude due to the time mismatch between the
baseband amplitude and RF amplitude signals and the limiting action of the
amplifier. The baseband amplitude path time delay is 2.5 ns.

where
(21a)
(21b)
(21c)

amplifier leads to severe distortion. This can be modeled by substituting (12), (13b), (15), and (24) into (14). Then, the normalized ET output amplitude signal is given by the following:

(21d)
Assuming the time mismatch

is very small
if
(22)

where the factor represents the desensitization factor of the
time mismatch in an ET system, i.e.,

if
(26)

(23)
where

is small (for this example,
,
,
). By comparison, the value of for an EER system
is unity and the value of the desensitization factor for an ET
system is always greater than two.
From (21), represents a linear amplification of the original
signal and therefore

As an example, we extracted the Cann parameters from the
ADS simulations of the circuit described in the Section IV (refer
,
,
to Figs. 4, 6, and 18) and extracted
,
,
, and
. Substituting
,
the above parameters into (23) and (25), we obtained
, and
, and the normalized ET output
amplitude is given by the following:

(24)
if
where represents the linear gain between the input and output
magnitude signals
if
(25)
Limiting may then occur if there is a significant time mismatch between the baseband amplitude signal and the RF signal.
This effect is shown in Figs. 9 and 10, where the mismatch between the RF amplitude/phase input and the baseband amplitude

(27)
Fig. 9 also shows the comparison between the theoretical calculation and Cann model simulation, and the two agree well.
Fig. 10 shows the RF input amplitude signal, the normalized
linear delayed amplitude signal after amplification but before
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Fig. 11. Two-tone error-signal standard deviation versus time mismatch for
EER and ET systems. As predicted in (27) and (28), the simulation of the Cann
model agrees with the theory for F = 4:5 (27) with hard limiting and the theory
for F= = 2 (28) without hard limiting. Note that the EER is more sensitive to
path-mismatch effects than the ET system. The simulation results deviate from
the theory at high mismatch values due to the high time mismatch for the higher
order harmonic components and nonideal predistortion.

limiting (refer to Fig. 8), the normalized limiting signal (the delayed amplitude amplifier output with minimum voltage offset)
, and the normalized output RF amplitude signal
after limiting. From Fig. 10, during approximately half of the
cycle, the output amplitude signal is the same as the linear deas shown earlayed amplitude signal, which has a delay of
lier. During the other half of the period, the output is limited by
the drain amplitude signal, which has a delay of . Thus, the
normalized output amplitude signal can be approximated by a
simple expression, i.e.,
(28)

where is the “limiting effect factor” and
is approximately
two for the two-tone signal, since the amplitude signal is limited
by the envelope delay during half the period only.
Finally, from (28), the complex normalized baseband output
signal is
(29)
Comparing (29) (the ET output signal) with (9) (the EER
output signal), the time mismatch between the baseband amplitude path and RF path for ET system is decreased (desensitized)
by a factor of
, thus the IMD magnitude is decreased by a
compared to (10) for EER. Fig. 11 compares
factor of
the error-signal standard deviation between EER simulation, ET
Cann simulation, the theoretical calculation with limiting effect
by using (26), and the equivalent theoretical calculation by using
(28) for a two-tone test signal. The ET simulation agrees with
the theoretical analysis very well when the time mismatch is
less than three nanoseconds. Beyond three nanoseconds, due to

the nonideal predistortion, the simulation shows a larger errorsignal standard deviation than the theoretical calculations.
Compared with a two-tone signal, the OFDM signal has a
higher PAR, which implies a lower normalized dc component
for a given output power. From (23), a lower leads to a higher
. For example, using the amplifier parameters discussed previously, an OFDM 802.11 g signal has a normalized of 0.3 and
a resulting
. Such a large leads to an effective factor
of approximately two for any ET system. From Fig. 10, the
larger the value of is, the closer the linear delayed amplitude
signal approaches to the input RF amplitude signal, and the avand will be closer to the average of
erage between the
and zero (i.e.,
).
For example, suppose is infinite, then the linear delayed
amplitude signal will overlay with the original RF input amplitude signal. From Fig. 10, during half of the cycle, the output
amplitude signal is the same as the RF input amplitude signal,
which has a delay of zero, during the other half of the time,
the output is limited by the drain amplitude signal, which has a
delay of . Thus, the normalized output envelope signal is de.
layed by
To summarize the results of this section, we have derived
an expression for the “effective” time-alignment mismatch between the amplitude (drain) and RF (gate) signals of an ET amplifier, based on the Cann nonlinear model, assuming ideal predistortion. It was demonstrated that the ET amplifier is significantly less sensitive than the traditional EER amplifier to this
misalignment—a crucial benefit for wide-bandwidth operation.
These results agree well with detailed simulation results, as well
as measured results (refer to Section IV), and can be used to estimate the resulting errors in a complete system. Section III will
suggest an algorithm to precisely time align the amplitude and
RF signals.
III. ADAPTIVE TIME-ALIGNMENT ALGORITHM FOR
ENVELOPE TRACKING SYSTEM
As shown in the previous section, time alignment is required
for the ET system to align the baseband amplitude path and
RF path, especially for wideband OFDM signals. An adaptive
real-time time-alignment technique is needed because of inevitable environmental variations. A time alignment of better
than 2 ns (refer to Section IV) is required to make the EVM
lower than 3% for an OFDM 802.11 a/g signal. In this case, the
signal bandwidth is approximately 20 MHz, and, with a data
converter sample rate of approximately 100 MHz, linear interpolation will be required to achieve the necessary subsample
delay accuracy.
Referring to Fig. 3, we first calculate the covariance between
the original amplitude signal and the down converted feedback
and
signal. The covariance is calculated for amplitudes of
as
(30)
where is the expectation operator,
and
represent
and output amthe mean value of the input amplitude signal
. is the time offset of the covariance (note
plitude signal
that this is different from the Cann model parameter “ ” in the
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Fig. 12. Simulated covariance of RF input amplitude A and RF output
[refer to (30)] for different values of T , T , and T for
amplitude A
OFDM 802.11 g signal. Note that the peak of the covariance occurs at the sum
and T .
of T and a weighed average of T

previous section), and
is the time offset corresponding to
the maximum covariance. For example, Fig. 12 shows the simand
for different values of
,
ulated covariance of
, and
for an 802.11 a/g OFDM signal applied to the
ET amplifier described in the previous section.1 This information can be used to compensate the loop delay of the transmitter
path plus the down-converted feedback path.
Fig. 13 shows the simulated EVM [see Fig. 13(a)] and
[see Fig. 13(b)] versus
for different values of
when
is zero. As expected, the minimum in the EVM occurs
when
is equal to
. From Fig. 13, in the case where
equals zero,
(31)
However, in practice, the practical feedback path time delay
is not zero, due to the various filters in the RF path and
and EVM
other components. Fig. 14 shows the simulated
for different values of
and
. From Fig. 14,
versus
versus
,
, and
is
the function of
(32)
and the general expression for

is

(33)

0

Fig. 13. (a) Simulated EVM and (b) L
(T is zero). L
T
(for T
= 0); L
1=4 T =2 (for T = 0:5 samples); L
1=2 T =2 (for T = 1 samples).

0

0

0

0

2

=



analysis that the effective amplitude delay of the ET system is
approximately the average of the time mismatch between the
is
baseband amplitude path delay and RF path delay (i.e,
approximately two).
Given that we can determine
by experimentally measuring the maximum of the covariance, we then compensate the
down-converted feeback phase signal for the loop delay by ad. Bevancing the feedback phase signal
fore this compensation, from Fig. 3, the feedback phase signal
. After this loop delay compenis
sation is completed, the feeback phase signal becomes

which represents the weighting of the loop delay of the transmitter path plus the down-converted feedback path when applied to the ET amplifier. This agrees with the previous section
1All the following simulations and measurements are with an 802.11g OFDM

signal at 54-Mb/s data rate.

(34)

1252

Fig. 14. Simulated EVM and
minimum EVM occurs when T
T
)=2.
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L

for variations in T
= T , and L
=

0

. Note that the
T

0(

T

+

Fig. 15. Simulated rms phase error for different values of T , T , and T .
Note that the curve of T
= 0, T
= 9:3 ns and T
= 0 overlay with the
= 0, T
= 9:3 ns, and T
= 9:3 ns. Therefore, the phase
curve of T
error is relatively insensitive to T , which agrees with (34).

The rms value of the difference between the input and output
phase signal (phase error signal) after loop delay compensation
is

(35a)
(35b)
is the time offset and
represents the mean
where
value of the error signal.
Fig. 15 shows the simulated error signal standard deviation
versus
for different
,
, and
.
is the value

as a function of T . The value of T
Fig. 16. Simulated value of P L
where P L
crosses zero is equal to T , and its value is independent of T .
The average slope is 0.5 (note that the y axis one-step unit is 5 ns, the x axis
one-step unit is one sample, whihc is 9.345 ns).

versus the time mismatch between T
Fig. 17. Simulated value of P L
and T . Note that this is independent of T .

of
corresponding to the minimum rms error signal. From
(34) and (35), and Fig. 15,
(36)

as a function
Fig. 16 shows the simulated value of
for different values of
and
. Note that—as
of
is equal to zero when
is equal to
,
expected—
and this result is independent of
.
Another way of looking at this result is shown in Fig. 17,
versus
is
where the simulated value of
and
. Note that the avplotted for different values of
erage slope of
versus
is approximately 0.5,
. From Figs. 15–17,
which agrees well with (36) when
is only dependent on the time difference
we can see that
and
, and it is independent of the values of
between
,
, and
. Thus, the time alignment scheme that we
have outlined here is very robust to the inevitable variations in
these parameters.
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Fig. 18. GaAs MESFET Class-AB RFPA schematic diagram.

IV. EXPERIMENTAL RESULTS
An MWT-871 GaAs MESFET transistor [22], was used to
implement the Class-AB RF PA,2 as shown in Fig. 18. Quarterwave transmission lines are used at the input and output to short
the even harmonics. For a 2.4-GHz single-tone test, the measured gain is 13 dB and the peak PAE is 52% at an output power
of 23 dBm.
The tested ET system includes a wide-band high-efficiency
envelope amplifier [22] and the Class-AB RF PA. The WLAN
baseband OFDM signal is upconverted digitally to an IF of
26.88 MHz at a sample rate of 107.52 MHz. Then, by a Xilinx
FPGA running at 200 MHz and a dual-port RAM, the digital
IF signal, as well as the amplitude signal, are output to two
107.52-MHz 14-b digital-to-analog converters (DACs). The IF
signal is then upconverted to 2.4 GHz and amplified by the ET
amplifier. The output RF signal is downconverted to an IF of
26.88 MHz and digitized by a 107.52-MHz 12-b analog-to-digital converter (ADC) and a buffer (a logic analyzer). In the
measurement, the overhead associated with the extra dc power
dissipation of the digital logic for the predistortion and signal
conversion is not included. It is expected that these terms
will play an increasingly less significant role in future digital
communications as VLSI technology continues to advance.
Since the ET system has inherent nonlinearity associated with
the gain variation as the drain voltage changes, baseband predistortion is implemented to improve the system linearity [22].
An inverse nonlinearity is created in the baseband predistortion prior to upconversion based on the measured AM–AM and
AM–PM functions.
Fig. 19 shows the comparison between the theoretical calculation using (28), simulation, and measurement of the EVM of
a WBET amplifier for an OFDM 802.11 g signal. The agreement between the experimental data, the simulations, and calculations, is excellent. From Fig. 19, the EVM is a linear function
of the time mismatch i.e.,
(37)
2Microwave
Technology,
www.mwtinc.com

Fremont,

CA.

[Online].

Available:

Fig. 19. Simulation and measurement of EVM versus baseband amplitude
path time delay for ET and EER systems for an 802.11 g signal. The
= 15 dBm.
measurement is made with the GaAs MESFET RF PA with P
Note that the measured slope of the EVM versus time mismatch agrees well
with the theory. The measured minimum error floor of 3% is due to other
impairments in the RF path unrelated to the time mismatch.

Fig. 20. Measured EVM versus baseband amplitude path time delay T
for
WLAN 802.11 g application (data rate 54 Mp/s). The minimum EVM indicates
that the time difference between the RF path and baseband amplitude path is
approximately 1110 ns.

where the proportionality factor for EER is roughly six, and,
for ET, since the effective delay is half of the time mismatch between the envelope path and RF path, the proportionality factor
is only three. Compared with the ET system, the EER system’s
EVM is approximately twice as sensitive to the time mismatch.
The measurement results agree well with the results predicted
in (28).
Figs. 20 and 21 show the measured EVM and
versus
the time mismatch between the RF path and baseband amplitude
path before and after predistortion. Note that the average slope
of
versus the time mismatch is approximately 0.5 for the
time mismatch 20 ns around 1110 ns, which agrees well with
the theory of
for an 802.11 g signal [refer to (36)].
Comparing Fig. 21 with Fig. 17, the measurement results agree
with the simulation and theory very well, and the zero crossing
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Fig. 21. Measured P L
versus baseband amplitude path time delay T
for WLAN 802.11 g application (data rate 54 Mp/s). The zero-crossing of
P L indicates that the time difference between the baseband amplitude path
and RF amplitude/phase path is approximately 1110 ns, which agrees well with
versus the time
the result from Fig. 20. Note that the average slope of P L
mismatch is approximately 0.5, which agrees well with the theory of F= = 2
for the 802.11 g signal [refer to (36)].

of
is independent of the output power. This demonstrates
the accuracy of the time-alignment technique.
The peak drain efficiency of the complete amplifier (including
the envelope amplifier and RF power amplifier, but not including
the digital circuit power consumption) was 30% at an OFDM
output power of 20 dBm for the Sirenza HFET PA,3 as reported
in [22]. Compared with conventional linear Class-AB power
amplifier, the efficiency is improved by more than a factor of
two.
V. CONCLUSION
A general mathematical model was proposed to study the
time-alignment requirement for the ET system. The time-mismatch sensitivity between the amplitude path and RF path was
compared between the ET and EER systems. The simulation and
measurement for the two-tone signal and WLAN OFDM signal
generally verify the simple ET system model and the analysis.
An adaptive time-alignment algorithm was developed for the
ET system, and the simulation and measurement shows the fine
time-alignment resolution could be smaller than 0.5 ns, satisfying the 802.11 g OFDM requirements.
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