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Abstract —

Quasi-constant envelope PSK is proposed to
overcome the nonlinearity caused by fully satu-
rated RF power amplifiers in wireless and satellite
communications. It is shown that when the sim-
plest linear receiver is employed, they can achieve
near optimal performance compared with linear
BPSK in AWGN channel. Quasi-constant en-
velope OQPSK (QCEOQPSK) is presented as a
design example. Therefore, quasi-constant enve-
lope PSK can help to achieve near optimal per-
formance and significant terminal cost reduction
in wireless and satellite communication systems.

I. INTRODUCTION

Recently the practice in broadband wireless and satel-
lite communications has found many new challenges to
modulation. A broadband wireless or satellite network
has to support a very large number of user terminals. To
achieve high system capacity and performance, broad-
band wireless and satellite networks require modulation
methods to have high bandwidth efficiency and ideal bit
error rate at low implementation complexity. As data
rates are much higher in broadband wireless and satellite
networks, a user terminal has to transmit at much higher
power levels than in the existing wireless communication
systems [2]-[4]. To reach high transmission power and
high power efficiency in mobile terminals, power ampli-
fiers working in the fully saturated region have to be em-
ployed [1]. They cause severe nonlinear distortion to the
signal. When the bandwidth is hundreds of megahertz
or larger, the linear RF power amplifiers can also cause
significant distortion to signals [5].

Mass production of inexpensive user terminals is also
a top challenge to the broadband wireless and satellite
communications industry [2]. The same situation is true
in sensor networks [3]. As each broadband wireless com-
munication network has to support a very large number
of users, modulation methods are required to achieve im-
plementation complexity as low as possible to reduce ter-
minal cost and make mass terminal production possible
[2]-[4]. The implementation complexity must be handled
very carefully considering the severe nonlinear distortion
from power amplifiers.

This paper proposes quasi-constant envelope PSK for
wireless and satellite communications systems using fully
saturated power amplifiers.

II. SYSTEM MODEL

Consider the communications system employing PSK.
The baseband signal at the input of the radio is

sp(t) = s1(t) + jsq(t) (1)
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where sr(t) = >, dorp(t — kTs) is the signal to
be transmitted by the in-phase channel and sg(t) =
>k doky1p(t — ETs — 79) is the signal to be transmitted
by the quadrature phase channel, {d;|d; € {—1,+1}} is
the information sequence to be transmitted, p(¢) is the
shaping function, and 75 is the symbol time. The quadra-
ture channel data can be delayed by half a symbol time
70 = 0.5, if OQPSK is employed [4]. Otherwise, 7o = 0.

The radio upconverts the baseband signal to a pass-
band signal centered at the carrier frequency, which is the
input signal to the power amplifier and can be written as

s1(t) = s1(t) cos(2m fot + o) — 5@ (¢) sin(2m fet + ¢o) (2)

where f. is the carrier frequency and ¢¢ is the initial
carrier phase. The power amplifier in the radio amplifies
the signal to the desired transmission power. The output
of the radio is transmitted through the AWGN channel.

We consider a radio employing fully saturated RF
power amplifier. The power amplifier completely removes
the amplitude information of its input signal. The phase
of the output signal is the same as the phase of the input
signal. Let s;(t) be the input signal to the power ampli-
fier. The output signal s,(¢) of the fully saturated power
amplifier can be written as

1 si(t)>0
So(()=4¢ 0 si(t)=0 (3)
-1 si(t) <0

Let the envelope of the input signal to the power am-

plifier be
V51 @®) + 53 () = VP(1 - y(1)) (4)

where P is the average power and y(t) is the instanta-
neous deviation of the signal envelope. The function y(t)
is a random process determined by the information se-
quence and the shaping pulse. The baseband equivalent
signal for the transmitted signal can be written as

si(t) = VP(sy(t) + na(t)) (5)

where
1—4/s7(t) +s5(t)

ng(t) = sp(t) (6)

s1(t) + s5(t)

is the distortion caused by the fully saturated power am-
plifier. The distortion is a random process varying with
the information sequence and shaping pulse p(¢).

Define the signal-to-distortion power ratio at the power
amplifier output as

Hplt)} = {3 @
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where

P, = lim i/T 155 ()t
T rhe 2T ),

P; = lim i/T |na(t)?dt
d Tooo 2T T d

and the ensemble average is taken in the sample space
for all of the possible information sequences. The signal-
to-distortion power ratio y{p(t)} can serve as the fidelity
measure for the fully saturated power amplifier. Here
the fully saturated power amplifier is treated as a tenary
quantizer.

When the envelope of the input signal to a fully

saturated power amplifier has small variation, i.e.,
max |y(t)| << 1, the distortion can be written as
o0
na(t) = sp(t)y(t) > y" (t). (8)

n=0

Therefore, the signal-to-distortion power ratio can be
maximized by minimizing the power of y(¢) through
choosing the appropriate shaping pulse {p(¢)}.

The modulation method using PSK is called the quasi-
constant envelope PSK if it satisfies 1 << v < oo when
measured at the output of the fully saturated power am-
plifier.

The receiver is the linear PSK receiver [4]. The filter
in the receiver is matched only to the shaping filter in the
transmitter.

III. OrTIMAL FILTERING

For the system under study, after decades of research,
it was widely believed that pulse shaping could not help
much. It seemed impossible to achieve near-optimum lin-
ear BPSK bit error performance when the simplest linear
demodulator is employed [6] The following theorem shows
that a special group of shaping pulses can help to tolerate
fully saturated power amplifiers.

Theorem In the communication system employing
linear modulation with p(t) as the pulse shaping function,
fully saturated power amplifier through AWGN channel
and linear demodulation filter matched to p(t), the de-
modulation performance approaches the BPSK perfor-
mance theory, i.e.,

. Ey
im RO} =22 )
where % is the signal-to-noise power ratio per bit, if and
only if
(1) H{p)} = oo;
(2) The modulation filter p(t) and the demodulation filter
h(t) satisfy the Nyquist pulse shaping criterion, i.e.,

x(t=kTs)={(1] Z;g

where

z(t) = /OO p(r)h(t — 7)dr. (10)

— o0

In (9), the variance o? is the variance of the AWGN
only.
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Proof: Let a(t) be the impulse response function of the
fully saturated power amplifier. The output of the power
amplifier can be written as

sq(t) = / sp(T)a(t — 7)dr. (11)
When the first condition is true, we have
a(t) = ao(t) + an(t) (12)

where ao(t) is an ideal linear filter and a, (t) causes dis-
tortion. The matched filter output is

r(t) = /_00 (sa(T) + n(r))h(t — 7)dr. (13)
which can be rewritten as
r(t) =y(t) +ni(t) (14)

where y(t) = >, dorx(t — kTs) + >, dorg(t — kTs) +
I dor 12 (t—kTs—70)+ Y, dory19(t—kTs—70)], g(t) =
J. 7 a(r)an(t — 7)dr, and na (t) = [ n(r)h(t —7)dT is
the Gaussian noise with zero mean and variance o> = le
When the second condition is true, the bit error rate of
coherent demodulation is bounded by

Ey
2 2
o;to

B{p()} < Q( ) (15)

where o3 is the power of the distortion. For a given signal-
to-noise power ratio, i.e., Ep/ o? fixed, when the first con-
dition is true, we have (9).

If the first condition is not true, then Eq. (12) does
not hold. If the second condition is not true, the inequal-
ity (15) does not hold. Therefore, both conditions are
necessary for (9) to hold. The proof ends.

The equality in (15) holds if the signal and distortion is
independent. The dependence between the signal and the
distortion becomes negligibly weak when the first condi-
tion in the theorem is true. In real communications sys-
tems practice, the AWGN has much higher power than
that of the distortion, when looked at the matched filter
output. For example, Direct PC and Direct TV systems
require Ej/0? < 3 dB, while  can be higher than 21 dB
as shown in Section V.

One can see that the theorem holds for communication
systems employing M-ary PSK with M < 4. This in-
cludes BPSK, QPSK and its variations, such as OQPSK,
% QPSK, MSK and GMSK. Investigation has shown that
the theorem can be applied to 8PSK. More study is
needed for M-ary PSK when M > 16.

For communication systems employing PSK and fully
saturated power amplifier through AWGN channel, the
modulation method which can achieve optimal or near
optimal demodulation performance is a member of the
quasi-constant envelope PSK modulation.

The theorem says that when the fully saturated power
amplifier is employed for AWGN channel, near optimal
demodulation performance can be achieved by employing
the same filter for both the pulse shaping filter and the
matched filter. Both the quasi-constant envelope mod-
ulated signal and the Nyquist filter be constructed in
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this way. One can see that filtering is critical in both
the transmitter and the receiver, when nonlinearity is in-
troduced by the transmitter. There are more functions
{p(t)}, which satisfy either the first condition or the sec-
ond condition in the theorem, respectively. There are few
functions to satisfy both conditions.

IV. POWER SPECTRAL DENSITY

The autocorrelation function of the baseband equiva-
lent transmitted signal is

B(t,t +7) = E{si(t)s; (t +7)} (16)
Substituting (5) into (16), we have
Bt t +7) = di(t,t +7) + da(t,t + 1) (17)
where
it t +7) = E{sp(t)sy(t +7) (18)

is the autocorrelation function of the linear modulation,
and ¢q(t,t +7) = E{na(t)sy(t + 7) + sp(t)ny(t + 7)} +
E{nq(t)njy(t + 7)} is the correlation contributed by the
distortion. Substituting (5) into the previous equation,
we have

y(t)
Ty’

+E{sy(t)si (¢ + 7)%}

y(t)  yt+7)

¢a(t,t+7) = E{ss(t)sp(t+7)

+E{sy(t)sy(t + 1) =Ty tTr
This equation shows how the envelope variation y(t) of
the input signal affects the auto-correlation of the distor-
tion ng4(t) at the fully saturated power amplifier output.
A challenging task is to find a useful analytical form for
y(t).

The function ¢(¢,t + 7) is periodic in the ¢ variable
with period T,. Assuming that the sequence of informa-
tion symbols is wide-sense stationary, the baseband signal
s1(t) is a periodically stationary process in the wide sense.
Averaging ¢(t,t + 7) over a symbol period, we have

1 0.5Ts
/ o(t, t +7)dt

TS —0.5Ts

o(r) = (19)

The power spectral density of the signal s;(¢) is the
Fourier transform of ¢(7), i.e.,

3(f) = [ dmear (20)
which can be rewritten as
(f) = u(f) + 2a(f)
where
1 (o) 0.5T g
(f) = — , 2T ardr (21
!(f) T, /—oo/—O.sTs o1t t+T)e tdr  (21)

is the power spectral density of the linear modulation,
and

(o) BT
®4(f) = %/_ /05 ba(t,t +71)e P dtdr  (22)

—0.5Ts
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ik

is the power spectral density contributed by the distor-
tion.

When linear power amplifier is employed, nq(t) = 0.
Then, ®4(f) = 0. In other words, there is no distor-
tion to the power spectral density of the linearly mod-
ulated signal. When nonlinear power amplifier is em-
ployed, ng(t) # 0. Then, ®4(f) # 0 and contributes
to the distortion of the power spectral density, including
sidelobe regrowth.

When quasi-constant envelope modulation is used, the
power of the distortion is minimized. The distortion to
power spectral density is also minimized accordingly.

V. DESIGN EXAMPLE

‘We have found several PSK example systems satisfying
the conditions in Sec. III. One example is provided in the
following.

Table I shows the signal-to-distortion power ratio
v{p(t)} for the system employing OQPSK. The pulse
shaping filter is of finite impulse response, which is trun-
cated from the square root raised cosine function. The
duration of the filter is L symbols and the roll-off factor
is 8. It can be seen that the signal-to-distortion power ra-
tio v can be maximized when the roll-off factor is 5 = 1.0.
The maximum value of the ratio vy is 21.38 dB. The ef-
fect of the shaping pulse length to the ratio v is negligi-
ble. Therefore, the modulator output signal has quasi-
constant envelope. The power spectral density of this
system was shown in [4].

Table 1: Signal-to-distortion power ratio - of
OQPSK signal amplified by fully saturated power
amplifier. The shaping pulse is the square root raised
cosine function with the duration of L symbols and
roll-off factor .

4 7 (dB)

L=8|L=6]|L=4
1.0 | 21.38 | 21.33 | 21.34
0.9 | 19.86 | 19.81 | 19.84
08 | 18.43 | 18.37 | 18.40
0.7 | 17.11 | 17.06 | 17.06
06 | 15.92 | 15.89 | 15.85
05 | 14.84 | 14.83 | 14.80
04 | 13.8%8 | 13.87 | 13.90
0.3 | 13.03 | 13.05 | 13.17

Fig. 1 shows the simulated bit error rate for coherent
demodulation. The duration of both the pulse shaping
filter and the matched filter is L = 8 symbols The ideal
BER for BPSK in a traditional AWGN channel is plotted
as the reference. It can be seen that at BER= 107" the
SNR degradation is 0.1 dB, when the roll-off factor is
B = 1. The degradation increases when the roll-off factor
[ decreases. For 5 = 0.3, the SNR degradation is 1.2 dB
at BER=5-10"".
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When linear receiver and hard decision are employed,
the quasi-constant envelope OQPSK can achieve near op-
timum demodulation performance compared with BPSK,
when the square root raised cosine function is employed
as the pulse shaping filter and the matched filter with the
roll-off factor 8 = 1 and the duration is not less than 4
symbols. For 0.7 < 8 < 1, increasing the shaping pulse
duration to more than 4 symbols can not bring appar-
ent improvement to BER performance. This is because
the fluctuation in the modulated signal envelope is small
and the extended shaping pulse makes negligible differ-
ence to smooth the signal. For § = 0.3, increasing the
shaping pulse duration can improve BER performance.
When f is small, the fluctuation in the modulated signal
envelope is large and the extended shaping pulse can con-
tribute to smooth the signal. For practice, we recommend
B € [0.7,1] and the shaping pulse duration to be in the
range [6,8] symbols.

The rate 1/2 convolutional code with the constraint
length K = 6,7 is evaluated for communication systems
employing the quasi-constant envelope OQPSK and fully
saturated RF power amplifiers. The demodulator em-
ploys linear filters matched only to linear pulse shaping
filters. The decoder is the Viterbi decoder using soft deci-
sion. Fig. 2 shows the simulated bit error rate in AWGN
channel. The bit error rate of a compatible system em-
ploying the ideal linear RF power amplifier is also sim-
ulated for comparison. The simulated bit error rate for
the system employing the ideal linear RF power ampli-
fier in AWGN channel matches well with the coded per-
formance for BPSK. It can be seen that the fully satu-
rated RF power amplifier causes small SNR degradation.
When the bit error rate is 1077, the degradation is only
0.25 dB. Increasing the constraint length from K = 6 to
K = 7 does not reduce this degradation. Therefore, the
SNR degradation caused by the fully saturated RF power
amplifier is tolerable in practical broadband wireless and
satellite communications systems.

0 L ; N i

Bit error rate.

» D\ N
oL " vin

5
Eb/NO (dB)

Figure 1: Bit error rate of the quasi-constant enve-
lope OQPSK. The shaping pulse in the transmitter
is the square root raised cosine function with the du-
ration as 8 symbols. The RF power amplifier is fully
saturated.

VI. CONCLUSIONS
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— Uncoded BPSK
—A- QCEOQPSK, K=6
— Linear OQPSK, K=6
—0— QCEOQPSK, K=7
©- Linear OQPSK, K=7 [4

Bit error rate
3

6
E/N, (dB)

Figure 2: Bit error rate of communication systems
employing the quasi-constant OQPSK through fully
saturated power amplifiers and AWGN channel. Rate
1/2 convolutional code is employed with the Viterbi
decoder. The solid line is the ideal bit error rate
for BPSK. The triangle line is for K = 6 and the
diamond line is for K = 7 with fully saturated power
amplifier. The dash-dot line is for K = 6 and the
circle line is for K = 7 with linear power amplifier
for comparison.

Quasi-constant envelope PSK is proposed to overcome
the nonlinearity in wireless and satellite communications
systems employing fully saturated power amplifiers. It
is shown that they can achieve near optimum BER per-
formance when the simplest linear receiver is employed.
Therefore, quasi-constant envelope PSK can help to sig-
nificantly improve battery life and dramatically reduce
terminal cost.
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