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ABSTRACT

Spectral sidelobes of QPSK, OQPSK, IJF-OQPSK, and SQAM modulated signals after nonlinear
amplification are compared.  It is known that OQPSK has lower spectral sidelobes than QPSK.
However, in the presence of frequency selective fading, a decision-feedback adaptive equalizer is able to
equalize the QPSK signal but not the OQPSK signal.  By using phase pre-distortion on the OQPSK
waveform before nonlinear amplification, not only is the adaptive equalizer able to equalize this signal,
its spectral sidelobes are also reduced.  Simulations are presented to confirm these results.
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INTRODUCTION

This paper studies four different modulation schemes and compares their spectral efficiencies under
nonlinear amplification.  The modulations of interest are QPSK, OQPSK, IJF-OQPSK and SQAM.
QPSK modulation has been widely used because of its theoretical 2-bit/s/Hz bandwidth efficiency, low
power requirement for good error probability performance, and relatively simple hardware requirement
[3].  However, QPSK signals undergoing nonlinear amplification have considerable spectral spreading
because of its large envelope fluctuation.  This problem of spectral sidelobe enhancement causes
adjacent band interference and is highly undesirable.  OQPSK is one of the simple and effective
techniques that lowers the envelope fluctuation and hence lowers the spectral sidelobe enhancement by
aligning the I- and Q-baseband components in time by one-half of the symbol duration.  The
intersymbol-interference/jitter-free OQPSK (IJF-OQPSK) [1], is actually an extension of quadrature



overlapped raised-cosine modulation (QORC) and its staggered version (SQORC) which was proposed
in [4].  The superposed-QAM (SQAM) [2], is another extension of the above IJF-OQPSK modulation
scheme.  Both IJF-OQPSK and SQAM achieve even lower envelope fluctuations. Our results show that
OQPSK, IJF-OQPSK, and SQAM have better spectral efficiencies than QPSK under nonlinear
amplification.  The advantage in spectral efficiencies of IJF-OQPSK and SQAM over OQPSK is more
noticeable when the nonlinear amplifier operates at higher saturated points.  Otherwise, OQPSK and
IJF-OQPSK share similar spectral efficiencies.

This paper also studies adaptive equalization for QPSK and OQPSK modulations [8].  A conventional
adaptive equalizer based on the LMS algorithm is used.  We show that a decision-feedback adaptive
linear equalizer does not work well with OQPSK modulated signals passing through a nonlinear
amplifier and a frequency selective fading channel.  It has been realized that the distortion introduced by
the power amplifier operating near the saturation point is hard to cope with by just using adaptive linear
equalization [6].  Signal pre-distortion prior to nonlinear amplification seems to be a possible method to
attack this problem [6].  We show that by using a phase pre-distortion operation prior to the nonlinear
amplifier and passing through a frequency selective channel, the OQPSK signal has a reduced spectral
sidelobe enhancement and the adaptive linear equalization can be realized.  All of our studies are carried
out using computer simulations.

SIMULATION MODELS

In this section, the models used for the transmitter, channel and receiver are presented.  The transmitter
block diagram is shown in Figure 1.  The randomly generated an = +1/-1 signals are serial-to-parallel
converted into the I- and Q- channels.  For OQPSK, IJF-OQPSK, and SQAM, the Q-channel is offset by
half of the symbol duration.  For IJF-OQPSK and SQAM, different pulse shapes are used which will be
presented in detail in the next section.  This baseband pulse shaping takes place in the "pulse shaper"
block.  Next, the low-pass filter (LPF) is used in QPSK and OQPSK to reduce the undesired high
sidelobes.  Square-root raised cosine filter is used for the LPF in our simulation.  After quadrature
modulation, the signal is amplified before transmission.  A traveling-wave tube (TWT) amplifier model
is used as the nonlinear amplifier in the simulation.  The TWT amplifier is modeled by the Hughes 261H
TWT amplifier, which is characterized by [5].

Let the input signal to the TWT amplifier be given by s(t) = A(t) * cos (2πFct + θ(t)), then the output
signal is given by z(t) = zI(A) * cos(2πFct + θ(t)) - zQ(A) * sin(2πFct + θ(t)),where zI(A) = C1 * A * e^ (-
C2A

2) * I0 (C2A), zQ(A) = S1 * A * e^ (- S2A
2) * I1 (S2A

2), with C1 = 1.61245, C2 = 0.053557, S1 =
1.7185, and S2 = 0.242218.  The channel model uses a simple FIR filter to model the frequency
selective fading phenomenon.  The magnitude of the fading depth can be controled by choosing different
FIR coefficients.  The receiver block diagram is shown in Figure 2.  After quadrature demodulation,
low pass filters are used to convert the signal back to baseband.  In the case of QPSK and OQPSK, the
receiving low pass filters are square-root raised cosine filters.  In the case of IJF-OQPSK and SQAM,
the receiving low-pass filters are fourth-order Butterworth filters.  After low-pass filtering, the I- and Q-
baseband signals are combined into a complex signal in the form of [I + j * Q].  The complex signals are
sent into a decision feedback adaptive equalizer to reduce the signal distortion due to the frequency
selective fading channel.  The block diagram of an adaptive equalizer with decision feedback is shown
in Figure 3.



BASEBAND PULSE SHAPING FOR IJF-OQPSK AND SQAM

The baseband pulse shaping used for IJF-OQPSK and SQAM are described in this section.  IJF-OQPSK
is a nonconstant-envelope PSK-type modulation technique.  The pulse shape used in IJF-OQPSK is
called a double-interval raised-cosine pulse [1], which is defined by p(t) = 1/2 * [ 1 + cos ( πt / Ts ) ], −Ts

≤ t ≤ Ts, where Ts is the symbol interval.

In simulations, we use the following equations to perform the pulse shaping for IJF-OQPSK: p1(t) = cos
( πt / Ts ), an = 1,  an+1 = −1, p2(t) = − cos ( πt / Ts ), an = −1, an+1 = 1, p3(t) = 1,  an = 1,  an+1 = 1, p4(t) =
−1, an = −1, an+1 = −1, where 0 < t ≤ Ts.  SQAM was first introduced in [2].  The idea is to superinpose a
double-interval raised cosine pulse with a weighted raised cosine pulse.  The pulse shape is defined by
the following equations: s(t) = 1/2 * [ 1 + cos ( πt / Ts ) ] − ( 1 − A )/2 * [ 1 − cos ( 2πt / Ts ) ], where -Ts

≤ t ≤ Ts, 0.5 ≤ A ≤ 1.5.  We clearly see that when A = 1, the pulse shape of SQAM is the same as the
pulse shape of IJF-OQPSK.  So IJF-OQPSK is a special case of SQAM when A = 1 [2].  In simulations,
we use the following equations to do the pulse shaping for SQAM: s1(t) = cos ( πt / Ts ), an = 1,  an+1 =
−1, s2(t) = − cos (πt/Ts), an = −1, an+1 = 1, s3(t) = A + ( 1 − A ) * cos ( 2πt / Ts ), an = 1,  an+1 = 1, s4(t) =
−A − ( 1 − A ) * cos ( 2πt / Ts ), an = −1,  an+1 = −1, where -Ts ≤ t ≤ Ts, and we use A = 0.85 in our
simulations.

SPECTRAL CHARACTERISTIC

In this section, the power spectra of QPSK, OQPSK, IJF-OQPSK and SQAM signals are presented.
Before showing all the power spectra using different modulation schemes, we define three different
operating points of the TWT amplifier used in the simulations.  The input-output power characteristic
curve is shown in Figure 4.  In our simulations, three different operating points of the TWT amplifier are
used to see the differences in power spectra among these modulation techniques.  These three points are
denoted as the high-sat point, the mid-sat point, and the low-sat point.  The computer generated power
spectra are calculated at the three possible points of Figure 4.  Note that in the QPSK and OQPSK cases,
a square-root raised-cosine filter is used with a rolloff factor of α = 0.75; whereas in the IJF-OQPSK and
SQAM cases, there is no low-pass filter used in the transmitter.  IJF-OQPSK and SQAM contain low-
pass filtering operations.

Figure 5 shows the power spectral density curves for the four different modulation techniques under four
different kinds of nonlinear amplification.  The dotted line shows QPSK, the dashed line shows OQPSK,
the solid line shows IJF-OQPSK, and the dashed-dotted line shows SQAM.  All the curves are shown
between a normalized frequency of [0, 4] (one-sided spectrum).  The mainlobe for each signal of the
four different modulations is defined to be over [0, 1].  The reason α = 0.75 is used as the rolloff factor
for the square-root raised-cosine filter is to make the QPSK, OQPSK, IJF-OQPSK and SQAM
modulated signals all have similar mainlobes, so that we can compare their sidelobe spectral differences.
The most important region for ACI consideration is over [0, 2].  Figure 5(a) shows the power spectral
density curves when an ideal hard-limiter is used as the nonlinear amplifier.  We see that the QPSK
modulated signal has much higher sidelobes than the other three modulated signals.  The difference



between OQPSK and IJF-OQPSK in the frequency band between [1, 2] is about 1dB to 5dB.  Figure
5(b) shows the power spectral density curves when the TWT amplifier is operating at the high-sat point.
Since the amplifier is operating at such a highly over-saturated point, it almost behaves like a hard-
limiter.  Thus, Figure 5(b) is very similar to Figure 5(a) except QPSK has lower sidelobes. Figure 5(c)
shows the power spectral density curves when the TWT amplifier is operating at the mid-sat point.
Nonlinear amplifiers are normally operated near this point.  QPSK modulated signals still have
undesirably high sidelobes.  The OQPSK and IJF-OQPSK curves are now closer to each other.  Figure
5(d) shows the power spectral density curves when the TWT amplifier is operating at the low-sat point.
This shows that when a TWT amplifier operates near its linear region, the power spectra of OQPSK and
IJF-OQPSK modulated signals are very similar to each other.

ADAPTIVE EQUALIZATION FOR OQPSK MODULATION

Adaptive equalization has been studied for many years and much is known [8].  However, we are not
aware of any published paper dealing with adaptive equalization for the OQPSK modulation scheme.
We have seen from the above discussions that the OQPSK modulation technique when used with a
nonlinear amplifier has potentially attractive spectral sidelobe features.  Thus, we want to study further
the use of an adaptive equalizer for an OQPSK modulated signal passing through a nonlinear amplifier
and a frequency selective filter. First, we consider an adaptive equalizer with decision feedback using
the LMS algorithm for the QPSK modulated signal, which is commonly used in many digital
communication systems.  The block diagram of a decision feedback adaptive equalizer was shown in
Figure 3.  The equations of this equalizer are given by

si = [ri+M-1, …, ri+1, ri] * [w1, …, wM-1, wM]T − [si+N-1', …, si+1', si'] * [f1, …, fN-1, fN]T,                          (1.a)
ei = si − s0 or si',                                           (1.b)
[w1, …, wM-1, wM] = [w1, …, wM-1, wM] − µ * ei * conj[ri+M-1, …, ri+1, ri],                                             (1.c)
[f1, …, fN-1, fN] = [f1, …, fN-1, fN] − µ * ei * conj[−si+N-1', …, −si+1', −si'],                                               (1.d)

where equation (1.a) calculates the estimated received signal, "si" is the output of the equalizer, "ri" is
the sampled received signal, "wm" is the feed-forward tap coefficient, "si'" is the output of the decision
device, and "fn" is the feed-back tap coefficient.  Equation (1.b) calculates the error signal.  Equations
(1.c) and (1.d) update the feed-forward and feed-back tap coefficients, "µ" is the fixed step-size in our
simulation, and "conj" means the conjugate of the complex vector.

Next, we consider the use of an adaptive equalizer with QPSK and OQPSK modulated signals.  Figure 6
shows the received signal power spectrum with and without the frequency selective fading channel
distortion.  The feed-forward part of the equalizer has 16 taps, the feedback part of the equalizer has 16
taps, and the LMS algorithm step-size is taken to be 0.001.  Figure 7 shows the signal constellation
before and after adaptive equalization.  In Figure 7(a) and (b), we see that the adaptive equalizer works
well for the QPSK modulated signal.  But the same adaptive equalizer does not work well for the
OQPSK modulated signal as seen from Figure 7(c) and (d).  One possible remedy is to try different
feed-forward tap length, different feedback tap length, and different step-size.  Upon considerable
experimentation, we were not able to find any set of these parameter values that improved the
performance of the adaptive equalizer.  Other possibilities include the use of fractional adaptive



equalizer and blind equalizer.  Our limited experimentations along these lines were also not particularly
successful for the OQPSK modulated signal.  Thus, our attention was turned from receiver end
equalization to transmitter end pre-equalization as considered by Saleh and Salz [6] and Amoroso [7].

Now, consider different modulated signals going through a nonlinear amplifier operating at the mid-sat
point and a frequency selective fading as shown in Figure 6.  Figure 8 shows the signal trajectories for
the OQPSK modulated signal.  Figure 8(a) shows the unfiltered OQPSK modulated signal constellation,
which is known to be a square connecting four possible signal points.  Figure 8(b) shows the signal
constellation after low-pass filtering.  Figure 8(c) is the signal constellation after nonlinear
amplification.  The important thing to observe here is the phase shift effect of the nonlinear amplifier on
the constellation points in Figure 8(c).  This phase shift is a distortion introduced by the nonlinear
amplifier.  In our proposed approach we attempt to remove or reduce the phase distortion introduced by
the nonlinear amplifier in order to improve the performance of the adaptive equalizer.

Let us consider a baseband model of the above transmitter model.  Suppose the input complex-valued
signal to the nonlinear TWT amplifier is denoted by a*e

jφ, where "a" and "φ" are the amplitude and the
phase of the input signal, respectively.  Then let the output complex-valued signal of the nonlinear TWT
amplifier be denoted by A*e

jΦ, where "A" and "Φ" are the amplitude and the phase of the output signal,
respectively.  Assume Φ and φ are related by Φ = φ + θ, where θ is an unknown angle which depends on
the input signal.  Now, a "pre-distorted" input complex-valued signal can be calculated, such that instead
of sending a*e

jφ into the TWT amplifier, we use a*e
j(φ - θ) as our input complex-valued signal.  By using

this input signal, the output complex-valued signal becomes A*e
jφ, and the phase distortion introduced

by the nonlinear amplifier is removed.  Figure 8(d) shows the signal trajectory when the signal pre-
distortion is used before nonlinear amplification.  We clearly see that the phase shift present in Figure
8(c) has been removed.  The crucial question is whether this phase pre-distortion helps us at the
receiving end when a linear adaptive equalizer is used.

In Figure 7(c) and (d) we have shown how poorly the adaptive equalizer worked with the OQPSK
modulation scheme.  Now, the same system model is simulated except this time we implement signal
pre-distortion at the transmitter.   The signal constellation with pre-distortion and after adaptive
equalization is shown in Figure 9(b).  Indeed, the scattering of the constellation points for the OQPSK
case in Figure 9(b) about the ideal points is much smaller and is similar to that of the QPSK case in
Figure 7(b).  An obvious question is that since the phase distortion is also introduced by the nonlinear
amplifier when QPSK modulation scheme is used, why is the linear adaptive equalizer able to equalize
the phase distortion in the QPSK case but not in the OQPSK case?  A simple but not necessarily
complete answer to this question is that, in the case of QPSK, the in-phase and quadrature baseband
signal components are aligned coincidentally.  Since the phase of the baseband complex-valued signal is
determined by the in-phase and quadrature baseband signal (i.e., the I and Q channels), the phase
distortion introduced by the nonlinear amplifier is also coincidentally represented in the output complex-
valued signal of the nonlinear amplifier.  Whereas in the case of the OQPSK modulation, the phase
distortion is not "coincidental" in the I and Q channel.  So it is much harder for a linear adaptive
equalizer to track the phase distortion in the case of the OQPSK modulation than that of the QPSK
modulation.



Next, we want to study the phase pre-distortion effect on the spectral sidelobes of the OQPSK
modulation.  Figure 10 shows the power spectra of four different modulation schemes (QPSK, OQPSK,
IJF-OQPSK, and SQAM) when the TWT amplifier is operating at the mid-sat point.   Phase pre-
distortion is introduced in the system for both the QPSK and the OQPSK cases.  By comparing Figure
10 with Figure 5(c), we can see that the sidelobes for the QPSK and the OQPSK curves have decreased
by several dB in the region of [2, 4].  This result is consistent with [7], where the Amoroso stated that a
pre-distorter preceding the nonlinear amplifier can reduce the spectral sidelobes.  Thus, the phase pre-
distortion does not only help the adaptive equalization, but also helps to reduce some of the high
sidelobes of the QPSK and the OQPSK modulated signals.

The phase pre-distortion method proposed here is formulated in an ideal manner.  In a practical system,
the calculation of the exact phase pre-distortion for each signal sent through the nonlinear amplifier may
be difficult.  Clearly, further work need to be done for the practical implementation of this pre-distortion
scheme.  Nevertheless, our observations and simulations do provide considerable insights into the
problem of implementing an adaptive equalizer in a system with a nonlinear amplifier and frequency
selective fading using the OQPSK modulation scheme.   Much more research work needs to be done on
the theoretical understanding and practical implementation of efficient power and bandwidth modulation
with a nonlinear amplifier and frequency selective fading.

CONCLUSIONS

This paper reviewed some spectral characteristics for QPSK, OQPSK, IJF-OQPSK, and SQAM
modulation techniques when a nonlinear amplifier is used in the system.  Results have been compared to
published papers or books whenever possible.  This study showed that OQPSK and IJF-OQPSK seem to
be attractive modulation schemes when a nonlinear amplifier is present in the communication system.
Whether IJF-OQPSK should be chosen over OQPSK is not obvious.  The trade-off between these two
modulation schemes are spectral characteristics, ease of hardware implementation, and the possible
inclusion of ISI-free transmitter-receiver square-root raised cosine filters.

The most interesting result that came out of this work is the study of adaptive equalization for the
OQPSK modulated signal.  We have shown that a conventional linear adaptive equalizer does not work
well in this case because of the phase distortion introduced by the nonlinear amplifier.  Phase pre-
distortion seems to be an attractive solution and it provides some insight into the problem of equalizing
an OQPSK modulated signal.  Further study showed that phase pre-distortion can also help to reduce
some of the sidelobes of the QPSK and OQPSK modulation schemes.  Since this phase pre-distortion
method has both of the desired characteristics of a good digital communication system, further research
and study should be carried out along these directions.
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                                             Figure 1 - Block diagram of the transmitter.
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                                                Figure 2 - Block diagram of the receiver.

                                      Figure 3 - Block diagram of the feedback adaptive equalizer.
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                                              Figure 4 - TWT amplifier operating points.

   Figure 5 - Power spectra of QPSK, OQPSK, IJF-OQPSK and SQAM.  (a), Ideal hard-limiting;
                  (b), TWT at high-sat point; (c), TWT at mid-sat point; (d), TWT at low-sat point.
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Figure 6 - Frequency selective channel model. Figure 7 - Signal constellations before and after
adaptive equalization for QPSK and OQPSK
modulation schemes.  (a) & (b), QPSK; (c) & (d)
OQPSK

 Figure 9 - Signal constellations before and after
 adaptive equalizer for OQPSK with phase
 pre-distortion implemented in the system.

Figure 8 - Signal trajectories for OQPSK modulated
signal.  (a), Original; (b), After LPF; (c), After
TWT amplifier; (d), After phase pre-distortion and
TWT amplifier.

Figure 10 - Power spectra for QPSK, OQPSK,
IJF-OQPSK and SQAM.  Both QPSK and OQPSK
have phase pre-distortions implemented in the system.
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