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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 multi-
plexing 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 com-
plete system was 30% at a 2.4-GHz orthogonal frequency-division
multiplexing output power of 20 dBm.

Index Terms—Envelope elimination and restoration (EER), en-
velope tracking (ET), orthogonal frequency-division multiplexing
(OFDM), power amplifiers, power tracking, time alignment, wire-
less local area network (WLAN).

1. INTRODUCTION

IGH-EFFICIENCY RF power amplifiers (PAs) are crit-
H ical 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 distor-
tion. With modern wireless communication systems evolving to
more spectrally efficient and higher data-rate modulation for-
mats, 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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TABLE 1
802.11 G WLAN TRANSMITTER SPECIFICATIONS

Frequency band 2.4-2.4835GHz
Numbers of Carriers 52 (48 data and 4 pilots)
Channel bandwidth 16.25MHz

Data rate 6 to 54Mbps
Carrier type OFDM
Modulation BPSK, QPSK, 16QAM or
64QAM
Max. instantaneous output IW (in USA)
power
EVM 5.6% or -25dB for 54Mbps
Spectrum mask -20dBc @ 11MHz offset
-28dBc @ 20MHz offset
-40dBc @ 30MHz offset

For example, the wireless local area network (WLAN)
802.11 g standard employs 64-QAM modulation and 52 or-
thogonal 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 signif-
icantly, especially for high PAR signals. Thus, there is an in-
herent 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], Do-
herty [11], envelope tracking (ET) [12]-[15], linear amplifica-
tion with nonlinear control (LINC) [16], and gate dynamic bi-
asing [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 effi-
ciency 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 tra-
ditional EER and envelope-tracking (ET) systems. EER uses a
combination of a switching-mode PA and an envelope remod-
ulation circuit. ET utilizes a linear PA and a supply modula-
tion 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
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Fig. 1. Block diagram of EER system.
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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 ac-
cess (CDMA) [19]. Section II will discuss the WBET system
design, which exhibits nearly the same potential efficiency im-
provements as EER, but is less sensitive to path mismatch ef-
fects.

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, pro-
viding a dynamic drain voltage to the RF transistor. The am-
plitude is A = (I? + Q?)'/?,where I and Q are the real and
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 am-
plifier design are the optimum biasing of the amplifier to achieve
maximum power-added efficiency (PAE) and the time align-
ment of the RF and baseband amplitude signals.
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A. Optimum Efficiency Biasing of the ET Amplifier

As a first step, the power amplifier can be modeled as having
three independent inputs (Prrin, VDD, and Vgg) and two out-
puts (Prrout and Ipp) i.e.,

Prrout = f1(Prrin. VoD, Vaa)
Ipp = fo(Prrin, VoD, Vaa)

(1a)
(1b)

where Prrin and Prrous refer to the input and output RF signal
powers, Vpp is the dynamic drain supply voltage, Vg is the
dynamic gate biasing voltage, and Ipp is the dynamic drain
supply current.

Since the output power probability density function is fixed
[6], [7], we can control the independent variables Prrin, VDD,
and Vg to obtain the highest PAE at each output power. For
example, Fig. 4 shows a single-tone ADS simulation of the op-
timal (in the sense of highest PAE) Prrin, Vbp, and Vg for the
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]

nave
*PRFout,max

0 p(PRFout)PRFout dPRFout

PRFout,max
Lo P(PrFout) VDD (PRFout ) /DD (PRFout ) d PRFout
()

where Vpp (Prrout) and Ipp (Prrout ) are the drain voltage and
drain current, which are the functions of the output RF signal
power Prrout, and p(Prrout) is the probability function of the
output power.

Note from Fig. 4 that the optimal Vpp curves coincide with
the theoretical envelope given by Vpp opt = (RLPout)l/ 2
where Ry is the load resistor of the transistor, so a linear
transformation of the baseband amplitude signal is optimum for
the envelope amplifier. Also note that a constant Vg provides
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 sig-
nificant nonlinear distortion and poor EVM. We describe an im-
proved 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 simu-
lated PAE between the constant Vpp Class-AB performance and
“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
minimum drain voltage when Prpj, approaches zero. Table II
compares the simulated EVM and efficiency results between
the fixed-bias Class-AB PA (Vpp = 4.4V) and two ET
amplifiers with Vpp min = 0 and 0.5 V, respectively. The ET
VbD,min = 0.5V case provides both improved linearity and
PAE, due to the higher gain at Vpp = 0.5 V.
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Fig.4. Agilent ADS Simulation of the optimum (for maximum PAE) of Vi,
Vaa, and Py, for the 2.4-GHz GaAs MESFET class-AB PA of Section IV. The
theoretical amplitude of the output signal is (R 1, Pout)'/?.

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]

gVin

e ()]

where g and L are functions of Vpp: g models the small-signal
gain (in the PA linear region), s models the transition from the
linear to the saturation region and is roughly independent of
Vbp, and L 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 de-
vices [13].]

In this case, v, and v;, are the RF output and input voltages,
respectively. Fig. 6 compares the v, versus vi, for different
Vpp by ADS simulation of the circuit described in Section IV

3)

Block diagram of WBET architecture with baseband predistortion and time-alignment algorithms.
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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 1II
SIMULATED PERFORMANCE OF FIXED Vpp CLASS-AB PA AND

DIFFERENT ET CONFIGURATIONS AT Pout = 12 dBm
Case 1 Case 2 Case 3
. Signal
Voo . Constant Vpp Signal envelope +

configuration envelopet OV 0.5V
Gain (dB) 13.9 5.0 7.5
Drain n (%) 9.9 51 439
PAE (%) 9.5 34.9 36.1
EVM (rms%) 3.2 14.9 10.0

and the Cann model. With this model, the time-mismatch sen-
sitivity 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
“)

srF(t) = coswmt cos wt
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Fig.6. Comparison of ADS simulation and Cann model of the GaAs MESFET
PA of Section IV. A least-squares fit to the simulation data provides g =~ 1.24+
0.38Vpp, L = 0.09 + 1.15Vpp, and s = 5.

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

spp(t) = coswpt = A(t) - ¥ 5)
where the amplitude and phase signals are
Ain(t) = |cos(wmt)] (62)
™
in(t) = 5[1 — c(wmt)]. (6b)

c(wmt) is a square wave with a value of +1 or —1 with the
same period as the modulation frequency. Expansion of the am-
plitude signal as a Fourier series produces

Aty =a0+ Y ancos(nwmt) @)
n=246,...
where
2 4 (=1)(n=2)/2
=2 gp=--l =24,6,.... (8
w=_ a T o) n=2, ®)

If the time mismatch between the baseband amplitude and
the RF phase path is 7 for an EER system, then A,.(t) =
Ain(t — 7), @out(t) = pin(t) and, therefore,

SBB,out (t) = Ain(t - 7—) . ejvm(t)~ (9)

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
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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.

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

IMD = <%) (Brr7)? (10)

where Bgryp is the bandwidth of the two-tone signal: Brp =
2wy, /27, and 7 is the time mismatch between the baseband am-
plitude and RF phase.

By contrast, the output envelope of the WBET system is [from
3]

9(Vbp (1)) - Ain(t)
i (20 )]

L(Vpp(1))
where Vpp(t) is the dynamic drain voltage and it is a linear
time-delayed function of the input envelope signal, i.e.,

Aout (t) =

Y

VDD (t) = Vrnin + kAln(t — T). (12)

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

(13a)
(13b)

9(Vbp) =90+ 91 - Vbp
L(Vpp) =Lo+ L1 - Vpp.

Since the WBET amplifier is nonlinear, predistortion is im-
plemented in our proposed system. To focus on the distortion
caused by the time mismatch and the resulting nonlinear lim-
iting 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, non-
linear distortion is then re-introduced due to the time mismatch



1248

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 53, NO. 4, APRIL 2005

Voo =Vain +k4,,(t=7)

T
Au ()= G- 4, (=)

Amplitude
o

&)~ 4, ()

T
Ade/ay(t)—G‘ A'in (t _F)

Limiter

: 1 Linearized
: ¢ Cann Model :
ei¢in(t) Y Output
o > >
Phase
RF PA

Fig. 8.

of the amplitude and RF signals. As a result of the predistor-

tion, the Cann model parameter s approaches infinity, and the

denominator of (11) becomes a “hard limiter,” i.e., s
9(Vpp(t)) - Ain(t),

9(Vpp(t))Ain(t) < L(Vbp(?))

Aout (t) = (14)

L(Von(t),
9(Von () Ain(t) > L(Von(t))
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

Adetay (t) = 9(Von(?)) - Ain(1).

Substituting (12) and (13a) into (15), the amplitude of the RF
output signal is

Adelay(t> = gOAin(t) + glAin(t) : [Vmin + kAm(t - T)]
= (90 + glvmin)Ain(t) + glkAin(t)Ain(t - T)-
(16)

Note that in (16) the delayed magnitude signal Agelay(t)
is a nonlinear function of A;,(t): the multiplication of
Ain(t)Ain(t — 7) will generate intermodulation products.
However, the predistortion will eliminate those nonlinear
terms, leaving a remaining linear but delayed result.

The multiplication of A;, (¢)Ain(t — 7) is described as [from
(D]

A At — 7) = <a0+ > ancos(nwmt))

15)

n=2,4,6,...
.<a0+ 3 ancos(nwm(t—T))>'
n=2,4,6,...
(17)

T .
K N~G-4 (t— .emn(t)
BB,auI( ) 147,1( / )

Simplified ET system block diagram. The time mismatch between the baseband amplitude and RF amplitude/phase is 7.
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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

DC + ag Z an[cos(nwp,t) + cos(nwp, (t — 7))] (18)

n=2,4,6

yFEy0yenn

where DC represents the sum of all of the dc components re-
sulting from the mismatch, and the nonlinear part is

Z ap, cos(nwpt)- Z ay cos(kw, (t —7)). (19)

n=2,4,6,... k=246,...
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Adding (18) to (16) yields

Adelay(t>
= DC+(g0+91Viin) Z p, cOS(Nwy,t)
n=2,46,...
+g1kag Z an[cos(nwp,t)+cos(nwm (t — 7))]
n=2,4,6,...
=DC+ Y (9091 Vimintg1kao+g1kag cos nw,,7)

n=2,4,6,...
- ap, cos(nwmt)

+ Z g1kag sin nw,, 7 - ay, sin(nwp,t)

n=2,4,6,...
=00+ Y e meoslnt-n) QO
n=2,46...
where
¢ =\/c2 +d2 (21a)

cn =90 + 91 Vmin + g1kao + g1kag - cosnw,, 7 (21b)

d,, = agg1k - sinnw,, T 21c)
dn
Toff = tan~! <—> ) (214d)
NWiy, Cn
Assuming the time mismatch 7 is very small
aogik T
Teff = T = — (22)
90 + 91Vmin + g1kao + g1kao F

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

9o
apg1k

_ 90+ 91Vinin + 291k

F
aogik

2+ (23)

where g1 Vinin is small (for this example, gg = 1.24, g1 = 0.38,
Vinin = 0.37). By comparison, the value of F' for an EER system
is unity and the value of the desensitization factor F' for an ET
system is always greater than two.

From (21), ¢/, represents a linear amplification of the original
signal and therefore

Adetay(t) = G - Aun (£ - 24)

F)
F
where G represents the linear gain between the input and output
magnitude signals

G=c, =2 +d2 = gy+2g1kag.

(25)

Limiting may then occur if there is a significant time mis-
match between the baseband amplitude signal and the RF signal.
This effect is shown in Figs. 9 and 10, where the mismatch be-
tween the RF amplitude/phase input and the baseband amplitude
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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.

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

Aout_norm (t)

)
T
Ain(t_F>7
T
if A -
_ if m<t F)

Lo+ L1Vpin + leAin(t — 7')

G
T
'fAin t——
\ 1 < F) g

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 g9 = 1.24, g3 = 0.38,
Vinin = 0.37, k = 2, Ly = 0.1, and L; = 1.15. Substituting
the above parameters into (23) and (25), we obtained F' = 4.5,
G = 2.2, and L1k/G = 1.05, and the normalized ET output
amplitude is given by the following:

,

i
At=Z .
< F>/

T
if Ain|t— —

< LO + LIVmin + leAin(t - 7_)
- G

?

L0+L1Vmin+L1kAin(t_T)
I .

(26)

Ao nonm(t) = < 0.241.05A4;,(t — 7)

0.241.05A:(t—7),

if Apn <t—%> > 0.2 + 105 Ay (t—7).
(27)

Fig. 9 also shows the comparison between the theoretical cal-
culation 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//cv = 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 de-
layed amplitude amplifier output with minimum voltage offset)
L(Vpp(t))/G, 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 de-
layed amplitude signal, which has a delay of 7/ F as shown ear-
lier. During the other half of the period, the output is limited by
the drain amplitude signal, which has a delay of 7. Thus, the
normalized output amplitude signal can be approximated by a
simple expression, i.e.,

Aout_norm(t) ~ Ain t— % (28)
6"
where «v is the “limiting effect factor” and F'/ « 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

=7
«

SBB,out_norm(t) ~ Ain < T ) N ejipin(t)~ (29)

Comparing (29) (the ET output signal) with (9) (the EER
output signal), the time mismatch between the baseband ampli-
tude path and RF path for ET system is decreased (desensitized)
by a factor of F'/c, thus the IMD magnitude is decreased by a
factor of (F/a)? compared to (10) for EER. Fig. 11 compares
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
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the nonideal predistortion, the simulation shows a larger error-
signal 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 a,,
for a given output power. From (23), a lower a,, leads to a higher
F'. For example, using the amplifier parameters discussed previ-
ously, an OFDM 802.11 g signal has a normalized a,, of 0.3 and
aresulting F' = 7.5. Such a large F' leads to an effective factor
F'/« of approximately two for any ET system. From Fig. 10, the
larger the value of F' is, the closer the linear delayed amplitude
signal approaches to the input RF amplitude signal, and the av-
erage between the 7/ F and 7 will be closer to the average of 7
and zero (i.e., 7/2).

For example, suppose F' is infinite, then the linear delayed
amplitude signal will overlay with the original RF input ampli-
tude 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 7. Thus, the normalized output envelope signal is de-
layed by /2.

To summarize the results of this section, we have derived
an expression for the “effective” time-alignment mismatch be-
tween the amplitude (drain) and RF (gate) signals of an ET am-
plifier, based on the Cann nonlinear model, assuming ideal pre-
distortion. It was demonstrated that the ET amplifier is signif-
icantly 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 es-
timate 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 in-
evitable 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 inter-
polation 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
signal. The covariance is calculated for amplitudes of s;, and

Sout a8
Cin, Aou (L) = E[(Ain(t + L) = pa,) - (Aous(t) = pra,,,)]
(30)
where F is the expectation operator, ft 4, and j4_,, represent

the mean value of the input amplitude signal A;, and output am-
plitude signal A,.. L is the time offset of the covariance (note
that this L is different from the Cann model parameter “L” in the
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Fig. 12. Simulated covariance of RF input amplitude A;,, and RF output

amplitude A, [refer to (30)] for different values of T.,,, Try, and Typ for
OFDM 802.11 g signal. Note that the peak of the covariance occurs at the sum
of Trp and a weighed average of 7., and Trr.

previous section), and L. is the time offset corresponding to
the maximum covariance. For example, Fig. 12 shows the sim-
ulated covariance of A;, and A, for different values of Tepy,
Trr, and Typ for an 802.11 a/g OFDM signal applied to the
ET amplifier described in the previous section.! This informa-
tion 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 Lax
[see Fig. 13(b)] versus T, for different values of Tgr when
Trp is zero. As expected, the minimum in the EVM occurs
when T, is equal to Trr. From Fig. 13, in the case where
Trp equals zero,

TRF + Tonv

5 &1y

Lmax ~ =

However, in practice, the practical feedback path time delay
Trp is not zero, due to the various filters in the RF path and
other components. Fig. 14 shows the simulated L,,,,x and EVM
versus ey for different values of Tgy and T¥p. From Fig. 14,
the function of L., versus T.,y, TrF, and TEp is

T + Tenv
Lmax ~ — (TFB + RF#) (32)
and the general expression for L,y is
Tenv - T
Linax = — | Tin + Trr + —=— (33)
o

which represents the weighting of the loop delay of the trans-
mitter path plus the down-converted feedback path when ap-
plied to the ET amplifier. This agrees with the previous section

IAll the following simulations and measurements are with an 802.11g OFDM
signal at 54-Mb/s data rate.
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analysis that the effective amplitude delay of the ET system is
approximately the average of the time mismatch between the
baseband amplitude path delay and RF path delay (i.e, F//a is
approximately two).

Given that we can determine L, by experimentally mea-
suring the maximum of the covariance, we then compensate the
down-converted feeback phase signal for the loop delay by ad-
vancing the feedback phase signal ¢ () = ¢ p(t— Liax)- Be-
fore this compensation, from Fig. 3, the feedback phase signal
is @ (t) = @in(t —Trr — Trn). After this loop delay compen-
sation is completed, the feeback phase signal becomes

Pro (t) = ‘Pin(t - TRF - TFB - Lmax)

_ TRF - Tenv
=g | 1 - TRE Lo (34)

(07
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minimum EVM occurs when Ty = Trr, and Limax = —Irs — (ITrr +
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Fig. 15. Simulated rms phase error for different values of Tty , Trr, and Trp.
Note that the curve of Tenv = 0, Trr = 9.3 ns and Trg = 0 overlay with the
curve of Tepy = 0, Thr = 9.3 ns, and Ty = 9.3 ns. Therefore, the phase
error is relatively insensitive to 7rg, 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

€(t7PL> = (Pin(t> — (pfb(t — PL)

T - Tenv
— @in(t) — Vin t— Mf’

— PL

e
(35a)

Csé’fb-,tpout (PL> = \/% / (e(t7PL) - e(t7PL>>2 (35b)

where P is the time offset and e(¢, PL) represents the mean
value of the error signal.

Fig. 15 shows the simulated error signal standard deviation
versus PL for different 1,,, Tr¥, and Trg. P Ly, 1S the value
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of PL corresponding to the minimum rms error signal. From
(34) and (35), and Fig. 15,

Tenv - T
PLyin & RE

F

«

(36)

Fig. 16 shows the simulated value of PL.,;, as a function
of 1,,, for different values of Trr and 1. Note that—as
expected—P Ly,;y, is equal to zero when Tg, is equal to TR,
and this result is independent of Trp.

Another way of looking at this result is shown in Fig. 17,
where the simulated value of P Ly, versus (Teny — TRr) is
plotted for different values of Trp and Trr. Note that the av-
erage slope of P L., versus (T, — Trr) is approximately 0.5,
which agrees well with (36) when '/« = 2. From Figs. 15-17,
we can see that P L,;, is only dependent on the time difference
between Try and T,,., and it is independent of the values of
Tenv, Trr, and Tgp. Thus, the time alignment scheme that we
have outlined here is very robust to the inevitable variations in
these parameters.
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Voo= 4.4V

Input MWT 871 GaAs
MESFET
L2
Output
Voo = 2.4 V%P_c ; Match
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. Quarter-
wave transmission lines are used at the input and output to short
the even harmonics. For a 2.4-GHz single-tone test, the mea-
sured 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-dig-
ital 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 pre-
distortion is implemented to improve the system linearity [22].
An inverse nonlinearity is created in the baseband predistor-
tion prior to upconversion based on the measured AM—AM and
AM-PM functions.

Fig. 19 shows the comparison between the theoretical calcu-
lation using (28), simulation, and measurement of the EVM of
a WBET amplifier for an OFDM 802.11 g signal. The agree-
ment between the experimental data, the simulations, and calcu-
lations, is excellent. From Fig. 19, the EVM is a linear function
of the time mismatch 7 i.e.,

EVM =071 (37)

2Microwave CA. Available:

www.mwtinc.com

Technology,  Fremont, [Online].
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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
measurement is made with the GaAs MESFET RF PA with P, = 15 dBm.
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.
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Fig. 20. Measured EVM versus baseband amplitude path time delay 7¢,. 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 3 for EER is roughly six, and,
for ET, since the effective delay is half of the time mismatch be-
tween 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 P L,,;, versus
the time mismatch between the RF path and baseband amplitude
path before and after predistortion. Note that the average slope
of P L, versus the time mismatch is approximately 0.5 for the
time mismatch £20 ns around 1110 ns, which agrees well with
the theory of F'/a. = 2 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 7en.

for WLAN 802.11 g application (data rate 54 Mp/s). The zero-crossing of
PL,,;n indicates that the time difference between the baseband amplitude path
and RF amplitude/phase path is approximately 1110 ns, which agrees well with
the result from Fig. 20. Note that the average slope of PL,,;, versus the time
mismatch is approximately 0.5, which agrees well with the theory of F//ax = 2
for the 802.11 g signal [refer to (36)].

of P L, 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-mis-
match 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, satis-
fying the 802.11 g OFDM requirements.
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