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Adaptive Nulling Loop Control for 1.7-GHz
Feedforward Linearization Systems
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Abstract—An adaptive analog control system is introduced for
the nulling loop (first loop) of a 1.7-GHz feedforward linearization
system. The sensitivity to temperature and frequency variations
is experimentally shown for a conventional feedforward system,
leading to the need for an adaptive control system. Two error
signals based on detected power levels are introduced and used
to control the nulling loop vector modulator to ensure cancellation
of the main signal. Finally, the experimental performance of this
system is presented.

I. NTRODUCTION

M ORE and more emphasis is being put on amplifier
linearity in communication systems today with the use

of new modulation patterns such as multilevel quadrature
amplitude modulation (QAM) or code division multiple ac-
cess (CDMA), etc. These modulation patterns require good
amplifier linearity over a certain dynamic range, frequency
bandwidth, or temperature range. Furthermore, even modu-
lation patterns such as quadrature phase-shift keying (QPSK),
which are relatively insensitive to nonlinearities in terms of bit
error rate, can still have their occupied spectrum deteriorated
by nonlinear amplifiers.

Although feedforward [1] is one of the most effective lin-
earization methods, as it can ensure carrier-to-intermodulation
ratios (C/I) of 40–60 dBc, it is very sensitive to variations
such as temperature changes, channel frequency variations,
or input power level changes. It is then necessary to provide
the feedforward system with an appropriate control circuit to
guarantee constant C/I performances despite these variations.

This paper presents an adaptive control for the nulling loop
(first loop) of a feedforward system. This control is briefly
described, an experimental implementation is shown, and
results showing performance enhancement of the controlled
system versus the open-loop system are presented.

II. THE FEEDFORWARD LINEARIZATION SYSTEM

A typical feedforward system is shown in Fig. 1. It consists
of two cancellation loops; the first loop is the main signal
nulling loop, and it is adjusted to provide exact out-of-phase
cancellation of the main signal at the output of the nulling
combiner. This leaves only the intermodulation products intro-
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Fig. 1. A typical feedforward linearization system.

duced by the main amplifier. This error signal then enters the
error loop (second loop) where it is amplified, phase-shifted,
and reinjected out-of-phase to cancel with the intermodulation
products in the main signal path. The output signal is, hence,
free of the unwanted intermodulation products. This results in
an improvement of the C/I of the main amplifier.

Our experimental setup was built in microwave integrated
circuit (MIC) technology, at 1.7 GHz, and is designed to
produce a 20-dB enhancement of the main amplifier C/I. The
amplitude and phase controls in each of the two loops were
implemented by one-quadrant vector modulators consisting
of two controllable attenuators in quadrature. This setup is
capable of producing up to 20-dB attenuation and40
phase shift on the signal so as to ensure perfect out-of-phase
cancellation. Under a two-tone test, the whole system was able
to bring a Class A main amplifier C/I from 24 to 56 dBc, thus,
producing a 32-dB enhancement of the C/I.

Figs. 2 and 3 show that even if feedforward systems have
excellent performance for the conditions they were adjusted
in, this performance tends to deteriorate sharply as operating
conditions, notably the base plate temperature or the channel
frequency change. This shows the need for an adaptive control
system that guarantees that the vector modulators in either
loop can follow these variations in order to maintain perfect
cancellation [2].

On the other hand, performance degradation is an immediate
consequence of the imperfect out-of-phase cancellation at each
of the two loops’ outputs. So, whatever the nature of the
perturbation that affects the circuit, it always leads to an
imperfect cancellation, and this is what deteriorates the circuit
performance. Hence, an adequate control system would be one
that detects an imperfect cancellation and acts on the vector
modulators to correct this situation. Such a control system
would be independent of the nature of the perturbation that
affected the circuit. In the following section we present such
an adaptive control for the nulling loop.
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Fig. 2. Output I/C versus temperature variations.

Fig. 3. Output I/C versus frequency drifts.

III. A DAPTIVE CONTROL FOR THE

NULLING LOOP (FIRST LOOP)

Fig. 4 shows a detailed view of the nulling combiner, with
the signal spectrum at each of the ports. The combiner consists
of a branch-line hybrid combiner followed by a Wilkinson-type
in-phase combiner. With such a configuration, if the signal at
port 2 has exactly 180phase shift with respect to the signal
at port 1, only the intermodulations remain at port 4, with 3-
dB attenuation. If the cancellation is perfect, total RF power at
port 1 must be equal to the sum of the RF power levels at ports
2 and 4 (the latter being corrected for the 3-dB attenuation).
This condition, if not satisfied, gives an error signal that can
be used to control the system. A detailed explanation follows.

If we denote by the power level (in watts) at port
, the error signal mentioned above then has the following

expression:

(1)

Let denote the main signal amplitude at port 1 at a given
instant (we can assume a null phase without loss of generality).
Also, let denote the amplitude of the intermodulation
products at port 1 at the same instant. At port 2, we have

a signal whose amplitude is and whose phase
is , where and represent the amplitude and
phase errors that affect the cancellation [see Fig. 5(a)]. At port
4, we have the intermodulation products whose amplitude is

and the main signal components whose amplitude
is , where is the amplitude of the geometric
sum of the main components at ports 1 and 2. Thefactors
account for the 3-dB attenuation mentioned above. We have,
by application of a simple geometric relationship

(2)

The power levels at each port can be written as follows:

where becomes equal to

(3)

It can be clearly seen that this quantity equals zero if the
errors are null. Furthermore, if we consider that the errors are
small enough, some approximations
can be made, which lead to

(4)

This signal thus gives an indication of the amplitude error.
The control circuit must bring the value of to zero, which
happens when , i.e., when the amplitudes are perfectly
matched.

However, the vector modulator consists of two controllable
attenuators in quadrature and needs two control signals. Since
the signal does not give any significant indication on the
phase error (the factor with is neglected and does not
reflect the sign of the phase error), it is necessary to introduce
a branch-line combiner to generate the second error signal.
The latter is denoted by and has the following expression:

(5)

The signal at port 3 consists of main signal components
whose amplitude is and intermodulation products whose
amplitude is . An expression for can be
deduced similarly to that of by replacing with

. It is obtained by , where is the
amplitude of the sum of two vectors at port 3, and the relative
geometric relationship is shown in Fig. 5(b)

(6)
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Fig. 4. Nulling combiner.

(a)

(b)

Fig. 5. Geometric sum of two out-of-phase vectors.

Hence

The expression for then becomes

(7)

and with the approximations and

(8)

This quantity must be brought to zero by the control circuit,
and in this case, and the phase shifts are perfectly
matched independently of the signal level.

The two error signals shown here, and , are linear
combinations of power levels at various points in the circuit.
The power levels are detected with diode detectors sufficiently

Fig. 6. Adaptive control circuit.

attenuated to operate them in the square law region, where
a linear combination of radio frequency (RF) power levels
can be represented by a linear combination of dc voltages.
Using approximately identical detectors, one can write that the
voltages and associated with and are, respectively,

(9)

(10)

where is a scalar function of the characteristics of the diode
detectors that monitor , , , or .

These linear voltage combinations can be generated by
classical op amp summing circuits as shown in Fig. 6. The
output voltages of the first two op amp are and ,
respectively, where coefficients and depend on the
resistors of the operational amplifiers.

Finally, the vector modulators are controlled in rectangular
mode while the error signals generated are polar

. Knowing that and are small values and the
system is in closed loop, it is possible to determine the pertur-
bation control voltages and of the vector modulator
along and axes by the difference and summation ofand

with weighting factors:

(11)

(12)

Different factors and are necessary, since and
have different proportionality factors relative to and ,
as shown in (4) and (8). The operational amplifier summing
circuits given in Fig. 6 are designed to implement the above
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Fig. 7. Correction of phase errors.

Fig. 8. Corrections during slight frequency drifts.

relations at its final output ports, with and
.

This analog control circuit is used to control the nulling
loop vector modulator. It is worth noticing that this control
system nulls the carriers to zero at port 4. This approach is
different from the method of simply tracking the minimum
power reading at this port. The latter method simply brings
the carriers slightly lower than the intermodulation products
level. Hence, an advantage of our method is that it brings the
error signals and to zero rather than simply finding a
minimum with an unknown value.

IV. EXPERIMENTAL RESULTS

The nulling loop adaptive control system performance is
illustrated by its action on the quality of the main signal cancel-
lation at the output of the nulling combiner. In the adjustment
position, for given working conditions, both the open-loop
system and the controlled systems are tuned in order to have
the best signal cancellation. Then different perturbations are
applied to the circuit, and the signal cancellation is measured
for the two systems. Figs. 7 and 8 show that the controlled
system is capable of maintaining a better signal cancellation
than the open-loop system.

V. CONCLUSION

An adaptive nulling loop control for a 1.7-GHz feedforward
system has been presented in this paper. After a brief discus-
sion of the RF feedforward system, the need for an adaptive
control has been discussed and experimentally illustrated.
Then, two error signals useful for controlling the nulling
loop were introduced. The use of these signals maintains the
signal cancellation quality over a wider range of values than
the open-loop system, as shown in the experimental results
presented.
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