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AN ADAPTIVE

FEEDFORWARD AMPLIFIER
FOR WCDMA BASE
STATIONS USING IMPERFECT
SIGNAL CANCELLATION

This article describes a new adaptive feedforward amplifier for a WCDMA
system using an imperfect signal cancellation. Due to the complicated signal

statistics, the distortion generated by the error amplifier is significantly reduced

by an imperfect signal cancellation. Therefore, the performances of feedforward

amplifiers are improved with this new adaptation technique, especially for

modulated signals with a high peak-to-average ratio. For verification, a 2.14 GHz

feedforward amplifier;, with 8O W output power, has been implemented and tested

with digital control circuits. The results, compared to a perfect signal

cancellation, show more than 7 dB improvement of adjacent channel leakage

ratio (ACLR) at 80 W output power. The amplifier efficiency is also improved

from 7.5 to 9 percent for the same ACLR.

s wireless systems evolve from second-
Ato third- or fourth-generation, the lin-

earity, efficiency and bandwidth re-
quirements for power amplifiers become
more stringent. Many techniques, including
feedforward, envelope feedback and manifold
types of predistorters, have been employed to
effectively satisfy these performance require-
ments and to reduce the production costs for
various system applications. Feedforward is
generally known as the best performing
linearization technique for linear power am-
plifiers at RF frequencies. Many previous
works for various implementations and analy-
ses of feedforward type linearizers have been
reported. =11

Distortion cancellation in the feedforward
amplifiers is based on the subtraction of two
signals. The degree of cancellation is mainly
determined by the amplitude and phase bal-
ances of the signals over the bandwidth of in-
terest.23 However, due to the high peak-to-av-
erage ratio (PAR) of the error signal extracted
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at the first loop, the error amplifier is
easily saturated and the distortion
generated by the error amplifier lim-
its the error cancellation capability of
the feedforward amplifier. This prob-
lem becomes more serious as the
PAR of a signal or the number of car-
riers is increased. Hence, a larger-size
error amplifier is required to amplify
the error signal without generating
any significant distortion. However,
the large-size error amplifier causes
various problems of cost, heating and
efficiency, etc.

It has already been addressed that
a perfect signal cancellation in the
first loop of the feedforward amplifier
is not an optimum solution for mini-
mizing the output error level.# In oth-
er words, the error amplifier can gen-
erate less distortion signals when an
input signal with imperfect signal
cancellation is applied. But Larose
and Ghannouchi4 describe numeri-
cally the phenomenon without any
analysis about its cause. Also, the au-
thors did not present a concrete
adaptation plan to apply the mecha-
nism and offer an experimental vali-
dation. An analysis for the mecha-
nism and a method to utilize this ben-
efit have not been explicitly studied
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A Fig. 1 Simplified block diagram of a

conventional feedforward amplifier.
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yet. To clearly understand the opera-
tion mechanism, the effects of an im-
perfect signal cancellation using mul-
ti-tone and WCDMA signals have
been analyzed and simulated. Also, to
utilize this benefit, a new merged
adaptive control method, which opti-
mizes the signal cancellation level for
the best linearity of the feedforward
amplifier, has been implemented. For
the experiments, a 2.14 GHz digitally
controlled feedforward amplifier with
80 W output power for WCDMA
base stations has been built and test-
ed. The optimally merged control
technique has been compared with
the conventional method,>6 using
down-link 16-channel WCDMA sig-
nals in both single- and multi-carrier
cases.

EFFECTS OF AN IMPERFECT
SIGNAL CANCELLATION
IN A FEEDFORWARD AMPLIFIER
Basic Formulation for Signal
Cancellation Process

Figure 1 shows a simplified block
diagram of a feedforward amplifier.
The feedforward amplifier has two
cancellation loops: the signal cancel-
lation loop (or first loop) and the er-
ror cancellation loop (or second
loop). In the signal cancellation loop,
the subtraction of the input signal
component from the coupled output
signal of the main amplifier provides
the pure error signal. This error sig-
nal is amplified by the error amplifier
and then cancels the distortion com-
ponent of the amplifier output by di-
rect subtraction in the error cancella-
tion loop. This subtraction nature of
the feedforward method inherently
requires a tight tolerance for the am-
plitude and phase mismatches of the
two loops.
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A Fig. 2 Equivalent circuit diagram for the analysis of a feedforward amplifier.

Figure 2 is an equivalent system
block diagram to analyze the effect of
imperfect signal cancellation on the
linearity. The main (MA) and error
(EA) amplifiers are modeled only
with third-order nonlinear coeffi-
cients for simplicity.

Ym = Glmxm + GSmX?n <1)

Ye= Glexe + GBeXE <2)
where

X,,= input signals of the main
amplifiers

X, = input signals of the error
amplifiers

ym=output signals of the main
amplifiers

y.= output signals of the error
amplifiers

Generally, the envelope modulat-
ed input signal is expressed by

X, = e(t)cos(@pt) (3)

where
e(t) = an envelope signal

The phase modulation is not con-
sidered because it is not important
in the analysis of the nonlinear be-
havior. Then, the band-limited in-
put signal of the error amplifier can
be easily derived from Equations 1
and 3.

Eﬁmaf}m@@

Im
4)

where

o. = amplitude control coefficient to
determine the signal cancellation
levels

B = amplitude control coefficient to
determine the error cancellation
levels

The optimum value of B can be ap-
proximated to be 1, when Gy, is
equal to Gy,,,. Then, the output signal
of the error amplifier can be repre-
sented by simple forms. After gather-
ing them to have the same exponent
of envelope signal in groups, the cal-
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culated output envelope signals are
represented as

Ye

()= Gie (OL + l)e(t) (5a)

E{G]e gBm + Gy (0+1)’ }e(t)g

Im
(5b)

2
81 Gs,, 7
_G‘%(iJ (o +1)e(t)” (5d)

3
81 G 9
9= ——Gg, | =2 | et
C(t)q 256 36(Glm j e( )

(5e)

Here, Equation 5a represents the un-
cancelled main signal and the first
term of Equation 5b describes the er-
ror signal generated by the main am-
plifier, and is employed to cancel the
output error signal. The remaining
terms are the distortions generated
by the error amplifier and should be

minimized.

TABLE |
AMPLIFIER MODEL PARAMETERS

Coefficient Value

G 223.6
G 2936
G -27.95
Gae -1117.97

Fig. 3 Output power level of error or
distortion terms at the output of the error
amplifier for the two-tone case. Y

20

;:Ef W/

_60| M3, ERROR
IM3, DISTORTION
—-80[ IM5, DISTORTION

Pout/TONE (dBm)

| IM9, DISTORTION
1 1 1 1
-1.05 -1.00 —0.95 —0.90 —0.85
o

Unfortunately, the envelope sig-
nals with higher exponents have some
lower order components. In other
words, e(t)3 contains a little fraction
of e(t) component in most cases,
which makes it difficult to calculate
the unwanted distortion signal level
generated by the error amplifier.
However, the distortion terms of the
third, fifth and seventh powers of e(t)
are very strong functions of the signal
cancellation coefficient o.. Hence, it
can be intuitively guessed that the
distortion terms generated by the er-
ror amplifier could be cancelled out
by properly adjusting o, resulting in a
more linear operation of the error
amplifier.

Calculation of Error
Cancellation Level for Multi-tone
and WCDMA Signals

To determine the effect of imperfect
signal cancellation, the calculation has
been performed based on the equa-
tions derived previously. For multi-tone
cases, the distortion terms of the error
amplifier output can be calculated with
some time consuming manipulations of
equations. The envelope signals of the
two- and four-tones, which have the
same amplitudes and identical tone-
spacings of 20, with suppressed carri-
er modulation, are given as

e(t) | 9-tone = 2Acos(m;t) (6)
e(t) | 4ione = 2A{cos(@t)+cos(3a,t)}
(7)
where
A = amplitude of each tone

By substituting Equations 6 and 7 in
equations 5a to 5e, the output power
of each intermodulation (IM) term
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A Fig. 4 Output power levels of error and
distortion terms at the output of the error
amplifier for the four-tone case.

can be calculated as parameters of
the reference attenuation coefficient
o, which determines the signal can-
cellation level.

For a meaningful analysis, the G
coefficients are extracted from the
experimental setup. The extracted
parameters used in this calculation
are shown in Table 1. The coeffi-
cients of the main amplifier have
been determined to have a third-or-
der intercept point (IP3) of 8000 W.
The coefficients of the error amplifier
have been determined to have a 200
W IP3, which is 40 times smaller than
for the main amplifier because the
error amplifier is four times smaller
than the main amplifier and a 10 dB
output coupler is used in the experi-
ments. The simulations have been
carried out with an output power of
100 W for two-tone, four-tone and
WCDMA cases.

Figure 3 shows the calculated
output powers of each IM term for
the two-tone case. IM3, IM5 and
IM7 distortions vary very rapidly ac-
cording to the signal cancellation lev-
el controlled by the coefficient a,
while IM9 is almost constant. The op-
timum value of o, which makes the
distortions minimum, is approximate-
ly —0.93 for this case. The calculation
becomes more complicated for the
four-tone signal input because the IM
terms are distributed from 27, to
®;. The calculated powers of each
out-of-band IM term (27®; to 5 ®,,
designated by “distortion”) and the
most significant error signal compo-
nent (5m;, designated by “error”) for
the error amplifier are plotted with
their respective frequency indices in
Figure 4. The optimum value of o
for this case becomes approximately
—0.8, where the overall distortion is
minimum.

In the calculated results, the opti-
mum value of o is quite different
from the o for the perfect signal can-
cellation. The residual main signal
has a special polarity requirement to
cancel out the distortion signal gener-
ated by the error amplifier. From
Equation 5, the mechanism of the
linearity improvement using the im-
perfect signal cancellation can be ex-
plained. The intermodulation (IM)
terms of the error amplifier are gen-
erated by the mixing of two input sig-
nal components, that is, the residual
main signal and error signal. Since
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the two signals are correlated, the
distortions can be minimized by opti-
mizing o. If AM-to-PM conversion is
considered, Gy, and G, have phase
terms, and perfect cancellation is
harder; however, the cancellation
mechanism will work identically.

For the WCDMA signal, a calcula-
tion to acquire results similar to the
multi-tone cases may be formidable.
Hence, a simulation with the same
amplifier models has been performed
using Agilent’s ADS 3GPP design li-
brary. The simulated results are pre-
sented in Figure 5. The spectral
powers (2.5 MHz offset from the
center frequency and 30 kHz resolu-
tion bandwidth (RBW)) of the error
generated by the main amplifier and
the distortion signals generated by
the error amplifier with o as a para-
meter are shown, as well as the total
input power of the error amplifier to
quantify the signal cancellation levels.
The error cancellation capabilities of
the feedforward amplifier, which are
determined by the difference be-
tween the error signal and distortion
of the error amplifier, become 28.5
dB for the optimum imperfect signal
cancellation point, which is 15.65 dB
less than that for the perfect signal

Fig. 5 Spectral powers of the error and
distortion signals at the output of the error

amplifier. Y
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A Fig. 6 Power spectral density for
optimum imperfect cancellation and perfect
cancellation cases.
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cancellation point. Figure 6 shows
the power spectral densities (PSD)
for the optimum imperfect cancella-
tion and perfect cancellation cases,
which are collected from the distor-
tion level minimum and the total in-
put power minimum points in the
previous figure, respectively. The op-
timum value of o is approximately
—0.825 for the WCDMA case.

NEW ADAPTIVE
CONTROL SCHEME

To adopt the beneficial effects of
the imperfect signal cancellation on
suppressing the distortion generated
by the error amplifier in a very simple
manner, the usual four adaptive con-
trol parameters (two for the first loop
and another two for the second loop
controls) of the feedforward amplifier
are sequentially adjusted to minimize
the final output error level. Figure 7
shows the simplified block diagrams
to compare a new adaptation tech-
nique using imperfect signal cancella-
tion with the conventional one. The
conventional method is also used to
get an initial adaptation step for the
new adaptation technique. The adap-
tation algorithm loading this simple
technique can lead to the optimum
imperfect signal cancellation point
described in the previous section.

Fig. 7 Simplified block diagrams of adaptive
feedforward amplifiers; (a) conventional

method and (b) the new adaptive method. Y
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An execution flow of the proposed
adaptation process is shown in
Figure 8. The algorithm used in this
experiment is based on the modified
power gradient with an adaptive
delta-modulation.5 The adaptation
flow consists of two steps. Step 1 is
required to search for the initial con-
trol voltages of the two vector modu-
lators, and is identical to the conven-
tional adaptation. After the conver-
gence of step 1, the control is handed
over to step 2. Then, all control para-
meters of both the first loop and sec-
ond loop are sequentially adjusted to
optimize the error cancellation level
monitored using DET2.

IMPLEMENTATION AND
EXPERIMENTAL RESULTS
Implementation

To validate the proposed adaptive
control scheme, a 2.14 GHz adaptive
feedforward amplifier with 80 W av-
erage output power for a down-link
16-channel WCDMA signal has been
implemented. The overall main am-
plifier module has been designed to
deliver more than a 100 W average
WCDMA Signal with 30 dBc ACLR
at 2.5 MHz offset and 65 dB of gain.
The final stage of the main amplifier
has been configured to have 720 W
PEP by a four-way combination of
180 W PEP amplifiers using Motoro-
las MRF21180 LDMOS FETs. The
error amplifier module has more than
65 dB of gain and its power capacity
is four times less than that of the
main amplifier.

For this system, the vector modula-
tor has been fabricated with the series

v
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A Fig. 8 Flow chart of the proposed

adaptation process.
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A Fig. 9 PSDs with a single-carrier WCDMA signal for both the new and the conventional
adaptation methods at 49 dBm output power; (a) signal cancellation level and (b) error

cancellation level.
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connection of a reflection type attenua-
tor and phase shifter using 3 dB hybrid
couplers, PIN diodes and varactor
diodes. The first loop delay has been
compensated by a coaxial delay line and
the second loop delay has been com-
pensated by a delay filter, which has
about 15 ns of delay and 0.9 dB of loss.
For the conventional and new adapta-
tion controls, a pilotless error power
detection method is employed. For the
detection, the RF signal is down-con-
verted to a proper IF band to filter the
main signal components out. The adap-

NEW
CONVENTIONAL
MAIN AMPLIFIER OUTPUT

PSD (dBm/30 kHz RBW,
10 dB/div)

1 1
2.131 2.143
FREQUENCY (GHz)

2.155

O
Z

PSD (dBm/30 kHz RBW,
10 dB/div)

2.131 2.143
FREQUENCY (GHz)

2.155

(b)

A Fig. 11 PSDs with a two-carrier signal
for the new and conventional adaptation
methods at 47 dBm output power; (a) signal
cancellation level and (b) error cancellation
level.

tation algorithms described in the new
adaptive control scheme section were
coded and installed. The adaptive con-
trol programs have been run using a
low cost micro-controller based on In-
tel’s SOC196KC CPU, two-channel
ADCs and four-channel DACs. Many
other digital in and out ports are also
controlled to detect faults, to control
the PLL frequency synthesizer for er-
ror detection, and to provide alarm and
protection signals.

Experimental Results

Experiments have been performed
to verify the new adaptive control
scheme based on imperfect signal can-
cellation. Conventional and new adap-

tive control algorithms have been exe-
cuted to optimize the linearity of a 2.14
GHz feedforward amplifier with 80 W
output power using single- and multi-
carrier WCDMA signals. The results
for the conventional and new adapta-
tion controls are compared. Figure 9
shows the the PSDs of the signal can-
cellation levels and error cancellation
levels of the two cases. Due to the im-
perfect signal cancellation, the PSD of
the new adaptive control method is 8
dB higher than that of the conventional
case. The error cancellation is im-
proved by 7 dB to —51 dBc from —44
dBc of ACLR at 2.5 MHz offset at 49
dBm of average output power. Figure
10 summarizes the overall adaptation
experiments with a single-carrier
WCDMA signal. The ACLRs at 2.5
and 5 MHz offsets for the two cases are
compared for the various average out-
put power levels. The amplifier adopt-
ing the proposed merged control
method delivers approximately 49 dBm
of the average output power with —51
dBc ACLR specification, which is
about a 1.2 dB improvement of average
output power compared with the con-
ventional case. The power performance
of the new feedforward amplifier fully
satisfies the commercial specifications
for WCDMA base stations. The effi-
ciency and average output power for
the various ACLRs at 2.5 MHz offset
are also shown. The efficiency of the
new method at ACLR = -51 dBc is
about 9 percent, while that of the con-
ventional control is 7.5 percent.

Figure 11 shows the results for
the two-carrier WCDMA signal tests.
The signal cancellation levels moni-
tored at the error amplifier input are
approximately 20 and 28 dB for the
new and conventional cases, respec-
tively. The ACLRs at 5 MHz offset
with 47 dBm of the average output
power are approximately —50.3 dBc
for the new method, which is very
close to the source signal level and is
about a 6 dB improvement from the
conventional adaptive control. The
optimum imperfect cancellation
point can be easily found by referring
to the minimum output error level
during the adaptive control, and the
new adaptation algorithm always con-
verges to the optimum point for both
single- and multi-carrier WCDMA
signals.

The experimental results clearly
show that the new adaptive method
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provides superior performance by us-
ing only the special adaptation pro-
gram without any additional hard-
ware. Thus, the new method can pro-
duce a feedforward power amplifier
at a lower cost.

CONCLUSION

For signals with a high PAR, the
premature saturation of the error am-
plifier of the feedforward system can
be a major performance degrading
source. Due to the interaction be-
tween the signal and the IM terms, the
distortion signal generated by the error
amplifier is affected by the main signal
cancellation level and can be signifi-
cantly reduced with a properly imper-
fect signal cancellation. In this article,
analyses have been conducted to de-
scribe the effect of the imperfect signal
cancellation on the linearity of the
feedforward amplifier. To adopt the
benefit of the imperfect signal cancel-
lation to linearization, a new adaptive
control method for feedforward ampli-
fiers with merged control of the first
and second loops has been proposed.

To validate the new adaptive con-
trol method, a 2.14 GHz digitally con-
trolled feedforward amplifier with 80
W output power for WCDMA base
stations has been designed and imple-
mented. The optimal merged control
technique has been compared with
the conventional method using single-
and multi-carrier WCDMA signals.
The new method can improve the lin-
earity to a considerable amount for
the single- and multi-carrier signals,
which verifies the analyses and advan-
tages of the proposed adaptation
method. This significant linearity im-
provement using the proposed control
scheme can be easily acquired with-
out any additional hardware. This
adaptation method can be applied to
any feedforward amplifier transmit-
ting signals with a hich PAR. W
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