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A NOVEL ADAPTIVE
FEEDFORWARD AMPLIFIER
USING AN ANALOG
CONTROLLER

A novel adaptive design for a feedforward amplifier linearizer with an analog
controller is proposed in this article. Compared with previous adaptive
linearizing methods, this new design does not require any pilot signal or
intentional signal distortion. In the main signal cancellation loop, the path signals
are compared for amplitude and phase balance. In the distortion signal
cancellation loop, each path signal is controlled to have constant gain and phase.
A prototype feedforward amplifier with the proposed linearizer has been tested

or the third-generation (3G) mobile ra-
{ dio standards, a very high linearity
£ transmitter that can support high crest
factor signals is necessary. High linearity and
high eff‘i_ci(‘n(:l\_-’ are critical issues in amplifier
design. In fact, as the power amplifier oper-
ates close to the saturation region where both
high efficiency and high (JLlitpllf power are
achieved, the degradation in linearity becomes
significant. A compromise between power, ef-
ficiency and linearity must be considered.
Otherwise, a linearization technique to de-
crease the nonlinearity of the power amplifier
is the only solution. Various linearization
methods, such as feedforward, negative-feed-
back, predistortion, linear amplifi'(':atifm with
nonlinear components (LINC), combined
analog locked loop universal modulator (CAL-
LUM), eu\-'el(_:p(‘ elimination and restoration
(EER), and so forth, have been reported.!
Among the numerous amplifier lineariza-
tion techniques, feedforward linearization has
been extensively used in base station ampli-
fiers because of its intrinsic advantages in pro-
viding high linearity over a wide frequency
band and tighter specifications of nonlinearity
in base station transmitters than in mobile sta-
tion transmitters. Since the Iinr:m‘izing para-
meters change dramatically due to varying op-

for three-carrier 1S-95 CDMA signals and the ACPR is imp roved by 20.25 dB.

erating conditions such as temperature, input
power level and supply voltage, an adaptive
control circuitry is essential in feedforward
linearizers. Several adaptive control approach-
es have been proposed. The fixed pilot tone
method,2 the pilot tone hopping method,3 the
gradient method,4? and the intentional signal
perturbation method® have been T'f?p()l‘ted.-

In this article, an analog-controlled adap-
tive feedforward amplifier linearizing method
to reduce signal distortion is derived. This
method adjusts the circuit parameters adap-
tively for varying operating conditions. The
feedforward linearizer consists of a main sig-
nal cancellation loop and a distortion signal
cancellation loop. In the main signal cancella-
tion loop, the magnitudes of two subtracter in-
put path signals and their relative phases to
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A Fig. 1 Schematic diagram of the analog-controlled adaptive feedforward amplifier.

the input signal of the feedforward
amplifier are compm‘(ed and con-
trolled so that the main signal can be
cancelled at the output port of the
subtracter. In the distortion signal
cancellation loop, the distortion sig-
nals at the subtracter output pm't are
controlled continuously to have con-
stant gain and phase so that the dis-
tortion signals are cancelled at the
amplifier output port.

ARCHITECTURE
AND OPERATING PRINCIPLES
The fundamental structure of a
feedforward amplifier consists of two
signal cancellation loops. Based on
the assumption that the amplifier
output signals are the sum of the am-
plified input signal and distortion sig-
nals, the amplified input signal is can-
celled in the main carrier cancellation

loop, which leaves only the distorted
signals. In the distortion signal can-
cellation loop, the distorted signals
are amplified and cancelled at the
output port of the feedforward ampli-
fier, which only leaves the amplified
input signal as the final output signal.
Though theoretically the feedforward
structure can prf)\-'ide. a (.'nmpkrt(-[}_'
distortion-free output signal, the ac-
tual achievable output signal is de-
pendent on the imbalances in the
amplitude, phase and delay time of
each signal path in the loops.

Figure 1 shows the schematic dia-
gram of the proposed analog-con-
trolled feedforward amplifier. The in-
put signal is applied to a directional
coupler, one output of which is con-
nected to the main amplifier through
a variable attenuator (A;) and a vari-
able phase shifter (®,). Some of the
amplified input sig-
nal and the generat-
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A Fig. 2 Schematic of the 1Q demodulator.
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line. The two inputs
of the subtracter are
connected to an RF

switch (RF SW1) via two directional
couplers. The RF switch is controlled
by a clock and connects one of its two
inputs to a divider (D1). One of the
divider’s output signals is converted
to a signal voltage by a detector
(DET1). This voltage is connected to
one port of a magnitude comparator
(MC). In this way, the magnitude of
the two signals entering the sub-
tracter can be compared, and the
magnitude comparator supplies a
voltage V,; to the variable attenuator
so that the magnitude of the two sig-
nals entering the subtracter are
matched. The magnitude comparator
consists of an inverting amplifier and
an integrator that can be realized
with ()pél‘adif)llell amplifiers.

The other output signal of divider
(D1) is connected to the RF port of
an 1Q demodulator, whereas a part of
input signal is connected to the LLO
port of the IQ demodulator. Because
the frequencies at the LO and RF
ports in the IQ demodulator are the
same, the outputs of the 1Q demodu-
lator are in-phase and quadrature-
phase direct voltages that represent
the relative phase data between the
LO and RF signals. With the proper
connection path through the RF
switch (RF SW1), the phase data of
two signal paths to the subtracter can
be obtained. The phase comparator
(PC) consists of t\\-’(J-Tnagnitl.lde com-
parators and furnishes a voltage (Vey)
to the variable phase shifter (®,) so
that the phase of two signal paths to
the subtracter are out-of-phase. Fig-
ure 2 shows the schematic of a man-
ufactured 1Q demodulator. Usually,
the phase of a variable attenuator
changes as the attenuation level is
changed. For this application, howev-
er, the phase variation of the attenua-
tor used is minimized. The attenuator
uses a PIN diode and an external
open stub transmission line to com-
pensate for its internal parasitic com-
ponents causing phase changes. For a
good reflection coefficient, a reflec-
tio n-type attenuator is adc }pted.T'

Direct frequency spectrum com-
parison is possible in the main signuﬂ
cancellation loop because the signals
in the two paths have a similar fre-
quency spectrum, ;thlmugh frequency
spectrum comparison is very difficult
in the distortion cancellation loop be-

[Continued on page 80
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A Fig. 3 Control scheme of the phase controller.

cause the frequency spectrum of the
signals in the two paths are dissimilar.
The signals at the output port of the

main time delay circuit are the sum of

the amplified input signal and distor-
tion signals, but the signals that pass
thmugll the subtracter are just distor-

tion signals. So a direct comparison of

the two signals in the distortion can-
cellation loop cannot be used to cancel
the distortion signals. But if the signals
in the two l)uih.\; can maintain constant
gain and phase in spite of changing
operating conditions so that the same
level and out-of phase of distortion
signals in the two paths are obtained,
the distortion signals can be cancelled.

Skyworks Solutions, Inc. is the world's

|)||;N_‘ characteristics
change with the op-
erating temperature.
By using a variable
phase shifter (®;),
controlled h}' a tem-
perature sensor, the
phase of the distor-
tion signal can be made to track out-
of-phase with the distortion signals of
the main path.

The signal at the output port of the
subtracter goes l}ll‘(mg_{h a divider
(D2), a variable attenuator Ag), a
variable phase shifter (®,) and an er-
ror il[l!pliﬁt’l'. Most of the 'dl'll|)[]'+‘ii‘(l
distortion signal is connected to the
output combiner, and a portion of it is
connected to the divider (D4), which
roes !hl‘uugh an automatic level con-
troller (ALC) and an RF switch (RF
SW2). The signal from the subtracter
is also connected to another automat-
ic level controller and RF switch (RF
SW2), The output signals of the RF

switch are converted to signal voltages
and the signal voltages are compared
in a magnitude comparator. When the
gain of the error amplifier changes ac-
cording to the operating conditions,
the 1[1;1}411'{1![(1(‘ controller (MC) con-
trols the attenuation voltage (V,,) of
the attenuator Ag)
gain is maintained.5

Some of the output signals in the
subtracter and the error amplifier are
]")kL.‘\'.‘\'l‘(] I]mmgh automatic level con-
trollers (ALC), combined with a com-
biner and converted to detection volt-
ages in a detector (DET3). Since the
ALC consists of a low phase shifting
attenuator and a detector, there is lit-
tle phase variation in the automatic
level control process. The level of the
combined signals differs by the phase
difference between input signals.
Hence, the detection \'(J]i;lgv of the
combined ‘ii}_{]lilf is also different.
That is, the detection \{J|h1_‘_{t" shows
the ])}'Ial.\‘l’ difference between the in-
put and output signals. The magni-
tude comparator compares this de-
tection voltage with a fixed voltage
and 511])p|i(‘5 a control \':}]l;-Lg_{v (V) to

so that a constant
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A Fig. 4 Main signal cancellation result.

the variable phase shifter (®,). Then
the phase of this amplified distortion
path can be maintained constant.
Figure 3 shows the idea behind the
phase controller.

EXPERIMENTS AND RESULTS

To validate the proposed lineariz-
ing method, a prototype analog-con-
trolled adaptive feedforward amplifi-
er operated in the IMT-2000 base
station transmitting band was fabri-
cated. The main zlmpli[i(-r chain con-
sists of an ERA-5SM amplifier from
Mini-Circuits and an MHL-21336
amplifier from Motorola. The gain
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A Fig. 5 Main carrier signal cancellation
as a function of power output level and
[frequency.

and P1dB of the main amplifier are
4740.1 dB and 34.7 dBm, respective-
ly. The chain of the error amplifier
consists of two ERA-5SM devices and
an MHL-21336, and its gain is 53+0.1
dB. The low phase shift, variable at-
tenuator is realized as a reflection-
type with £0.15° phase shift variation
over a 20 dB attenuation. The PIN
diode used is HSMP-4810 from HP.
The variable phase shifter is realized
as a reflection-type for good reflec-
tion characteristic and a 55° phase
variation is obtained for a 12 V
change. The varactor diode used is a
1T362 from Sony.
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A Fig. 6 ACPR with and without adaptive
linearization.

The three-carrier 1S-95 CDMA
base station transmitting signal is used
as the input signal with a center fre-
quency of 2140 MHz. Figure 4 shows
a 34.1 dB main signal cancellation
when the average output power level
is 18.3 dBm. A main signal cancella-
tion of 19.4 to 34.1 dB is achieved for
an average output power range of 15.2
to 25.6 dBm, as shown in Figure 5.
With the proposed method, a 20.8 dB
improvement in ACPR is obtained,
and Figure 6 shows the ACPR im-

[Continued on page 83]
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provement results when the average
output power level is 23.4 dBm. An
ACPR improvement between 6 and
20.8 dB is achieved for a power output
varying from 15.2 to 25.6 dBm, as
shown in Figure 7. When the operat-
ing frequency changed from 2130 to
2150 MHz, similar main signal cancel-
lation and ACPR improvement char-
acteristics were obtained.

The fabricated feedforward ampli-
fier was also tested with 15-95
CDMA 3 carriers with 1.25 MHz
spacing and a center frequency of
24 CH= The AGPR improve ment
is 21 dB at an average power output
of 24.6 dBm, as shown in Figure 8.
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A Fig. 8 ACPR improvement for an 15-95
CDMA 3 carrier.
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A Fig. 9 ACPR improvement as a function
of output powm'ﬁn' an I5-95 CDMA 3
carrier.
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Over the output power range, the
ACPR improvement results vary from
5.6 to 21.4 dB, as shown in Figure 9.

This linearizing method can be
useful in high power amplifier appli-
cations. The output signals at the out-
put ports of the main amplifier and
the error amplifier are coupled with a
10 dB coupler. If the coupling is de-
creased, the proposed linearizing
method can be used in high power
amplifier operation.

-+ Avdilable In
2.4 aNa1315 GHZ

CONCLUSION

A new analog-controlled adaptive
feedforward amplifier linearizer has
been presented. In the main carrier
cancellation Inop, the magnitude and
phase of the signal in the two paths to
the subtracter are compared and con-
trolled individually for main signal
cancellation. In the distortion signal
cancellation loop, the gain and ph(w
of each path is (nntm]lcd to be con-

[Continued on page 85]
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stant, so that the two distortion sig-
nals are maintained at the same level
and out-of-phase. The proposed
adaptive linearization method was
successfully operated, while varying
the operating conditions. W
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