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ABSTRACT
We consider a nonlinear equalizer structure that provides ef-
fective and computationally efficient intersymbol interfer-
ence (ISI) reduction for channels with nonlinearities. The
technique makes use of a RAM-DFE structure enhanced
with the ability to cancel pre-cursor nonlinear ISI. In many
nonlinear channels, the distortion caused by the nonlinear
element (such as a nonlinear power amplifier) and bandlim-
iting filters creates nonlinear ISI. Such distortion typically
limits the system to low order constellations (such as QPSK).
Higher order constellation are possible only if effective re-
duction of the nonlinear ISI is achieved. The applicability of
our nonlinear equalizer and its performance for a nonlinear
satellite channel is included.

1. INTRODUCTION

Communications through nonlinear ISI channels continues
to be of great interest as available spectrum becomes scarce,
pushing for greater bandwidth efficiency. Additionally, the
need for power efficiency (such as for handheld wireless
devices or satellite transponders) often requires the use of
power amplifiers running in the saturation region [4], [5],
[3]. Unfortunately, within such a bandlimited nonlinear en-
vironment typical methods to increase data rate such as faster
symbol rates or higher order modulation schemes suffer greatly.

Various proposed solutions have varying degrees of suc-
cess. Saleh presents a method of adaptively predistorting
the transmitted signal in such a way that the desired constel-
lation is achievedafterpassing through the nonlinearity [2].
While this is effective, it requires additional hardware (es-
sentially a receiver) in the transmitter. Such additional hard-
ware is a disadvantage for many power/size limited trans-
mitters.

Other solutions which focus on receive-side signal pro-
cessing. [6] and others have proposed the use of nonlinear
equalizers in the form of Volterra filters. While these may
be effective, the potentially large parameter space and sensi-
tivity to noise [7] remains an issue in some applications. We
propose a technique which appears to be robust in the pres-
ence of channel noise, requires no additional transmit hard-
ware, with rather modest receiver hardware needs. Borrow-
ing from recent work in the magnetic storage channel and
digital communications communities we essentially extend
the RAM-DFE [1] idea to reduce “pre-cursor” nonlinear ISI
components. As will be shown these “precursor” effects are
significant.

2. PROBLEM SETTING

We focus on the bandlimited, channel containing a nonlin-
ear amplifier such as a traveling wave tube (TWT) with ad-
ditive Gaussian noise. We consider a system as in Figure
1 containing prefiltering (with impulse responsef(n)), a
TWT, and postfiltering (g(n)).
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Figure 1: Nonlinear Channel Model

Here we model the TWT using the Saleh model [2] with
the amplitude and phase input/output relations as shown in
Figure 2.
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Figure 2: TWT Input/Output Characteristics

For a visual example of the distortion produced by this
channel we depict in Figure 3 the received signalyk for unit
variance QPSK, 8-PSK, and 16-QAM at infinite SNR for
the case where the pre- and post-filters are 6th order Butter-
worth filters with a cutoff frequency of 0.65 the symbol fre-
quency. Note the severity of the distortion of the 16-QAM
constellation due to the non-constant modulus of the alpha-
bet members.

QPSK 8−PSK 16−QAM

Figure 3: QPSK, 8-PSK, and 16-QAM Through A Noise-
less Channel (∞ SNR Case)

3. THE PERC

The basic structure of our nonlinear equalizer is shown in
Figure 4 whereWk is a fractionally spaced, linear feed-
forward equalizer,Q is a decision device (quantizer), and
RAM denotes a random access memory with address lines
consisting ofm past decision̂sk−1 to ŝk−m (denoted post-
address) andn present/future potential decisionss̃k to s̃k+n−1.
We denote such a configuration as PERC(n,m). The frac-
tionally spaced equalizer is used to aid symbol synchro-
nization (optimal sampling) and setting the proper delay (in
training mode) and is not really needed for equalization per-
formance. The twist on the RAM-DFE is the incorporation
of present and future decision (to be discussed).
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Figure 4: PERC Structure

The PERC must be run in a training mode first to learn
the channel characteristics. In training mode, since the en-
tire training sequence is known, it is clear that all “pre”
({s̃k+n−1, . . . , s̃k}) and “post” ({ŝk−1, . . . , ŝk−m}) com-
ponents are available.

The feedforward equalizer is trained first allowing some
linear equalization, but more importantly to set the proper
delay using the standard LMS update relation:

Wk+1 = Wk + µffXke
∗
k (1)

whereXk = [xk . . . xk−` ]T andek = sk − ŝk. After the
delay has been set, the feedforward equalizer is then fixed
and the PERC component is trained using:

RAMk+1(A) = RAMk(A) + µfbek (2)

whereRAMk(A) denotes the contents at timek of address
A. The addressA is given by the bit representation of
the vector[ s̃k+n−1 . . . s̃k | ŝk−1 . . . ŝk−m ] =
[Apre | Apost ].

After training, the PERC may be run in “fixed mode”
where no adaptation takes place or in a “decision-directed”
mode. We focus here on the performance of the fixed mode.
The only difficulty here is to decide what is the proper “pre-
cursor” address componentApre. The idea is to test over all
possible symbols ofApre and choose the one that placeszk
closest to a valid symbol value (i.e., the address that mini-
mizes|ek|2 = |zk−Q(zk)|2). Since the output is dependent
on past decisions (which may be incorrect), error propaga-
tion is possible and mean squared error (MSE) performance
in non-training mode is worse than in training mode.

4. SIMULATION EXAMPLES

The effectiveness of the PERC is demonstrated for the afore-
mentioned bandlimited nonlinear channel with an SNR=15dB.
The modulation scheme used is 16-QAM. Comparisons of
differing “size” PERC (i.e., values of precursor indexn)



highlights the importance of incorporating a cancellation
method capable of reducing both cursor and pre-cursor non-
linear ISI components.

4.1. MSE Performance

Figure 5 shows the received signal and linear equalizer out-
put and their MSE. Figure 6 shows the PERC quantizer in-
put and MSE for the PERC(0,3), PERC(1,3), and PERC(2,3)
in post-training mode (i.e.,with error propagation). Note
that the standard RAM-DFE (=PERC(0,3) with no cursor
ISI cancellation) offers little improvement over the linear-
only equalizer. Incorporating the cursor (in PERC(1,3)) shows
a 2.3dB improvement and PERC(2,3)) has roughly 3.9dB
improvement over linear and standard RAM-DFE perfor-
mance. Note that PERC(2,3) requires a test on 256 RAM
locations, while PERC(1,3) tests only 16.

Received Signal Linear Eq. Output

MSE = −11.65

Figure 5: Received Signal, Linear Eq. Output

PERC(0,3)

MSE = −11.4 MSE = −13.96
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Figure 6: Quantizer Inputzk and MSE for Various PERC’s

4.2. Training and Convergent Behavior

As an example of the training and convergent behavior of
the PERC, Figure 7 plots a variety of quantities for the case
of a PERC(1, 3) for 16-QAM at anEb/N0 = 12dB. Fig-
ure 7-a shows the received signal, while Figure 7-b shows
the quantizer input after training has completed. Figure 7-c
shows a scatter plot of the complex contents of the RAM.
The MSE trajectory is plotted in Figure 7-d. The initial,
steep decline takes place as the linear FSE is adapted. After

5 blocks of 50,000 symbols, the linear equalizer if frozen
and the RAM contents are adapted in training mode us-
ing “gear shifting” ofufb = 0.3 (blocks 6-15,ufb = 0.2
(blocks 16-35, then finallyufb = 0.1 (blocks 36-55. At
block 55 training is turned off and operational mode is started.
The increase in MSE is due to decision errors and associated
error propagation.
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Figure 7: Training and Convergent Behavior

While MSE often serves as an indication of performance,
in the case of the PERC, MSE alone can not be used to judge
performance. Our experiments have shown that choosing a
PERC with too many parameters (i.e., a PERC(n,m) with
n bigger than needed for the channel of interest) allows the
MSE to be a poor performance metric. For such an over-
parameterized case, the PERC is often able to find anApre
which placeszk very close a valid symbol. However, with
the excessive freedom resulting fromn too big, thezk may
be made indeed very close to a valid symbol, albeit the
wrong symbol (i.e.,̂sk 6= sk). Our initial simulation stud-
ies suggest that overparameterization of a channel may be
recognized by adrop in MSE when switching from training
mode to operational mode (as opposed to the raise in MSE
as shown in Figure 7-d).

4.3. Bit Error Rate Performance

In the digital communications setting, the true performance
metric is bit error rate. The bit error rate vs.Eb/N0 is shown
in Figure 8 for a variety of PERC equalizers (as well as a
feedforward, linear fractionally spaced equalizer). For the
channel simulated, neither the linear or PERC(0,3) (which



is equivalent to a standard RAM-DFE) provide acceptable
performance. The RAM-DFE’s poor performance is under-
stood by noting that it is only capable of canceling nonlinear
terms consisting strictly of previous decisions. With the ca-
pability to cancel more terms (i.e., those involvingboth the
present and prior decisions) the PERC(1,3) offers consider-
able improvement. The PERC(2,3) (and its ability cancel
even more terms) offers slightly better performance.
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Figure 8: Bit Error Rate vs.Eb/N0

5. CONCLUSION

In this paper, we have presented the basic idea of the PERC,
and its relation to previous papers addressing the nonlin-
ear channel problem. Considerable benefit may be possible
with no added transmitter complexity. The added process-
ing of the receiver is of a form which affords parallel im-
plementations (to perform the multiply-freeApre search).
Continuing research is directed at accelerated training, and
verification of algorithm within true systems.
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