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ABSTRACT

The power and bandwidth efficient constant-envelope BPSK (CE-BPSK) modulation is proposed. The

CE-BPSK signal is realized specifying the phase transition characteristics for the conventional low pass

filtered BPSK signal. Since the CE-BPSK signal

has constant envelope and modified waveform, the

CE-BPSK signal has better power and bandwidth efficiency compared to the conventional BPSK signal while

the CE-BPSK signal is backward compatible to the conventional BPSK signal. It is also shown that the bit

error rate performance of the CE-BPSK signal is the same as that of the conventional BPSK signal.

Key words: CE-BPSK, Non-linear amplification, Phase transition, MLSD, symbol-by-symbol detection.

|. Introduction

Because of the simple transmitter and receiver
architecture, the binary phase shift keying (BPSK)
is still widely used in wireless communication.
Recently in 2003, BPSK has been chosen as a
modulation for IEEE 802.15.4 wireless personal
area network (WPAN) [1]. However, the envelope
of the BPSK signal is not constant, causing
spectrum regrowth after passing through the
non-linear power amplifier. Furthermore, the large
back-off for the linear operation of high power
amplifier increases the power consumption of the
BPSK modulation. If a BPSK signal has constant
envelope and compact spectrum as well as can
use  conventional  symbol-by-symbol  coherent
detection in the receiver, the BPSK becomes both
power and band efficient modulation with
backward compatibility to the conventional BPSK.
In this paper, a constant envelope BPSK
(CE-BPSK)
CE-BPSK signal is realized specifying the phase

modulation is  proposed.  The

transition characteristics for the conventional low
pass filtered BPSK signal. Since the CE-BPSK

signal has constant envelope, a non-linear power
amplifier, such as a class-C amplifier, can be
used without much spectrum regrowth, leading to
higher power efficiency. The proposed CE-BPSK
signal also has better bandwidth efficiency
compared to the conventional BPSK signal in
both linear  and

environments.

non-linear ~ amplification
In next section, the both power and bandwidth
efficient CE-BPSK modulation is proposed. In
Section III, the minimum normalized squared
Euclidean distance (MNSED) of the CE-BPSK
signal is analyzed. And, the optimum coherent
detection for the CE-BPSK signal is derived. In
Section IV, the power spectral density (PSD),
eye-diagram, and BER performance of the
CE-BPSK signal are evaluated and compared with
those of the conventional BPSK signals. Finally,
Section V presents the conclusion.

II. CE-BPSK Modulation

The conventional BPSK signal is written as
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S(f):[ZAA_ Wt — kT, )}cosa)(,t (1)
k

where 4 e{— l""]:’ is the information data. h(’)
denotes the impulse response of the pulse shape
function. For the inter-symbol interference free
communication, the root-raised cosine filter is
widely used as the pulse shape function. In (1),
the information data is carried by the carrier
phase of O or 7, which is shown in Fig. 1 (a).
Dotted line in Fig. 2 shows the phase transition
of the conventional BPSK signal, in which the
information data is equal to (-1, I, 1, 1, -1, -1,
I, -1, -1, 1, 1, -1). However, since the power of
the conventional BPSK signal changes between 0
and non-zero value, the power amplifier requires
the large back-off. It means that the conventional
BPSK modulation is not power-efficient.

Now, lets change the carrier phase mapping as
follows. When the information data is equal to

+1, the carrier phase is mapped to either '”L'/’4

or —74 rather than 0. When the information

data is equal to -1, the carrier phase is mapped

to either +37/4 or —37/4 rather than 7. And,
the transient phase moves along the unit circle in

the signal constellation. It is shown in Fig. 1 (b).

Q Q

(a) (b)

Fig. 1. Signal constellation diagram of (a) conventional
BPSK and (b) CE-BPSK signals.

This modified phase transition is shown as solid
line in Fig. 2. We can find that at
t=kT,(k=012+)  the cosine of the modified
phase has the same sign as the conventional
BPSK signal.
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Fig. 2. Phase transition behavior of the BPSK and
CE-BPSK signals. Note that the information
data is equal to (-1, 1, 1, 1, -1, -1, 1, -1, -1,
I, 1, -1).

Compared with the conventional BPSK signal, the
modulated signal based on the modified phase
mapping rule has the following characteristics :

1. The modified signal has constant envelope. It
makes possible to operate the power amplifier
in non-linear saturation region. It means that
the modified signal is more power efficient
than the conventional BPSK signal.

2. The modified signal has backward compatibility
to the conventional BPSK signal. When the
information data is equal to +1, the -carrier
phase for the conventional BPSK signal is
equal to O and the -carrier phase for the

modified signal is equal to either +7/4 or
~7/4. The cosine of the both signal is
greater than 0. And, when the information
data is equal to -1, the carrier phase for the

conventional BPSK signal is equal to 77 and

the carrier phase for the modified signal is

equal to either +37/4 or —37/4. The cosine
of the both signal is less than O.

We propose the CE-BPSK modulation with
aforementioned characteristics. The phase transition

rule for the CE-BPSK signal is presented in

Table 1. In Table 1, 9.1 denotes the information
data at *=(n-1T, and ¢n denotes the carrier
t=nT, L is shown that Pwu is

phase at

determined by “x and ¢n. When 9 is equal
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to -1, the cosine of carrier phase at ! =(n+1)7; signals phase must be equal to 0 at /=77,

must be less than 0. Therefore, the carrier phase When 9 is differest dhan Hes, |6, — 8,

- i +37/4 —3r/4
b it e elther /4 or / « When equal to 7. It means that the sign of Ag,

d, is equal to +1, the cosine of carrier phase equal to that of A4.i. It implies that the
must be greater than 0. Therefore, %1 must be derivative of the signals phase must be af (2\/571)

cither +7/4 or —7/4. The selection between

+37/ 4("'77/ 4) and —37/ 4(_”/ 4) is determined

at (=nT, Note that the aforementioned

characteristics are the same at !=(7 +1)T,

. .. .. i n times
by ¢n in order to limit the phase transition Coseguently, the Gmmieni phass bebwes ¢

during T, o 72 t=nT, and 1=(n+1/2)T, is related to 9. > and

Furthermore, if the CE-BPSK signal is d,. And, the transient phase between times

differentiable, even at ! =17,:37,, and 77, in Fig. t=(n+Y2)T, and t=(+17, is related to Y
2 that the derivatives of the signals phase change and 9. In order to satisfy aforementioned

to the opposite sign, better bandwidth efficienc 2. 5 IS 3
Ppo 5% Y characteristics, a waveform pair is proposed. It is

can be achieved. Note that for the every
CE-BPSK signals phase to be differentiable, the

written as

—1/3-(1-1/f)~cosl (7/2)-(t—nT;)/(T;/2)) .
{ 3)-(1-1/2)-cos*((z/2)- (¢ nT)(T,z))} s 1 ale—nr )
+sm(zr/4+(rr/4)-(r—nn)/(n,fz))( 2 a)
1=(/3)-(1=1/2) sin*(/2)-(e~ (V2D ) ,uz»} o
[—(2/3)-(1—1/f sin'((z/2)-(-(+ v )5 /2) |
+cos((/4)-(t—(n+12)1,)/(1,/2))-(a, " a,.,)

~(y2) ((n/z)-(t—nr)/(m)) )

[ (/2-142)-cos*(z/2)- (¢ —nT, (7 2))} T

—cos(rr/4+(x/4)-(t =T, )/(T;/2))-(a, . a,)
(1/2)-sin((/2)-(r = (n+1/2)7,)/(7,/2)) .
{ (/2-1/¥2) sin’((x/2)- (1~ (n+12 )r)/(r,,,z)J'(“"' )
+sin((z/4)-(t—(n+12)1,)/(7,/2))-(a, " a,.,)

h=
ult—(n+1/2)T,), nT, <t <(n+1)T,
(2)

(1=ult=(n+1/2)1;))

ult—(n+V2)T,),  nT, <t <(n+1);

transient phase between times ! =nl,  and where * denotes XOR operator. 9 is equal to
(n+1)7;, must depend on P and Pus. From {0,1} rather than {-1,+1} for the convenience of
ion. it s functi ul) s
Table 1, we can find that, when 9. is identical prescation. Jhe i dep ‘st ) s
defined as
to G2, ... becomes identical to %.1. It means
0, 1<0
that the sign of A¢n, ie., #, _¢n4, is opposite to u(l)= (3)
1, t>0

that of A%... It implies that the derivative of the
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The waveforms for I and Q channel signal of
CE-BPSK modulation are presented in Table 1.

Table 1. Phase transition rule for the CE-BPSK signal
and corresponding I and Q channel signal.

I ch. | Q ch.
It 2 % b signal | signal
-1 —37[/4 (_1)*f2 (—1)*./1
/4
+1 | +x/4 | ] L
+1
-1 [+37/4 |y fo|
+7/4
L | =af4 | S xS
-1 |+37/4 (-1)*4/(1 i
—-3rn/4
+1 | =74 f, |c)rh
-1
1| =3/4 oy |cor Lo
+37/4
+1 | +7/4 | f, A

IIl. Optimum Coherent Detection of
the CE-BPSK Signals

The bit error probability is an important figure of
merit for a digital modulation [2]. In [3], it was

noted that the probability of error He) is

bounded by the union bound. It is written as

P( ) 1 .\'4[)( ) l N-1 N-1 N Eh
e)=— m )< — d;, —
N; Ei i N,Zo:(;: ij ,V0 (4)
i)
where N is the total number of signal

alternatives, "o>™>" My and Ox) is defined as

Q(x) =— f e P (5)

d; denotes the squared Euclidean distance (ED)

in signal space between ™ and "/, normalized

by 2E,,’ which is written as [4]
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, 1
d; =2—Eb (m,. —m/.)zdt (6)

When E:/No s large, the union bound becomes

tight and dominated by the MNSED @my. It is

written as

E
P(e)zC-Q[,fdﬁ.-n ]—V";] 7)

where error coefficient C is equal to 1 for
CE-BPSK signal.

In order to calculate the MNSED of the
CE-BPSK signal, it is necessary to examine the
phase behavior of the CE-BPSK signal. Note
that the CE-BPSK signal is a kind of PSK since
the information is carried by the absolute phase.
So, the Euclidean distance between two CE-BPSK
signals, in which there is only 1 bit different
between two information data sequence, becomes
MNSED. These two information sequences are

written as

al] = {“"an—l’_l’anﬂ’”.}

a, = {""an—l’l’an+l""}

(8)

3n/4 |

/4

phase (rad)

—-7/4

n (n+1)  (n+2) (n+3)
1,

Fig. 3. Transient phase pair for the MNSED calculation.
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For example, lets assume that g, is equal to

+7/4, 4, and 2, between times t=(n-11, and
W42, e H-LA1-0) and (sLEL#1A00,
respectively. Corresponding transient phases are
shown in Fig. 3.

At t=(n+1]T, , the carrier phase for the
CE-BPSK signal with @ becomes equal to
+37/4 And, the carrier phase with 3; becomes
equal to _7[/4. At ’Z(”*'Z)n , the carrier phase
with # and 3; become both equal to +7/4,
Fig. 3 shows that the phase merge between two

CE-BPSK signals has length 3, Therefore,

MNSED of the CE-BPSK signal o is written

as

2 | n+5/2)T,
dx:un = 'E, / (S(t’¢n"a0)_s(t’¢naal ))Zdt (9)

2F, —1/2)7;,
The calculated MNSED of the CE-BPSK signal is
equal to 2.
In Section II, it has been shown that the selection

between two phase points which have same
(+37/4,-37/4}  {+n/4,—n/4},

depends on the phase at the previous symbol

cosine, i.e.,
time. It means that the coherent detection utilizing

sate  t=(n-1)T, t=nT,
S, /4

S, 3r/4

S, 5z/4

S, Tr/4

—_— 4]
- :_1

Fig. 4. State and state transition on the coherent MLSD
for the CE-BPSK signals.
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the phase transition trajectory can achieve better
BER performance than the symbol-by-symbol
coherent detection. This is maximum likelihood
sequence detection (MLSD), in which a state is
the carrier phase at every symbol time, i.e.,
_”/4,+7T/4,+37f/4, and —37/4, Fig. 4 shows
the state and state transition on the coherent
MLSD for the CE-BPSK signal.

The branch metric for the MLSD between times

t=(n=1, and =77, is the Euclidean distance
between the received signal 7 (t ) and the allowed

signal S("‘¢n—l’anfl), which is presented in Table

1. It is written as

di?rwwfmw!ri(' = I:Th [r({) B S(t’ ¢n»l ’ an—l )]2 dt ( 1 0)

-1)7,

During the trace-back process, when the state is

equal to +”/4 or —”/4, the receiver decides
that a +1 was sent. Otherwise, it decides that a

-1 was sent.

IV. Performance Evaluation

Fig. 5 shows the PSD of the proposed CE-BPSK
signal in linear amplification environment. It
shows that the bandwidth efficiency of the CE-

T T T T T

Binary CPFSK
/ (h=0.715)

Spectral Density (dB)

i I

0.0 0.5 1.0 15 20 25 3.0
()T,

Fig. 5. PSD of the CE-BPSK signal in linear
amplification environment.

687

www.dbpia.co.kr



FEA1E S| = A] "4-6 Vol.29 No.6A

BPSK signal is almost the same as that of the
conventional BPSK and MSK signal. It is
presented in Table 2. The root-raised cosine filter
with a roll-off factor of 0.5 is used for the
conventional BPSK signal. Furthermore, it is
better than the bandwidth efficiency of the
optimum binary CPFSK signal.

Fig. 6 shows the PSD of the CE-BPSK signal in
non-linear amplification environment. Note that
since the CE-BPSK signal has constant envelope,
the PSD is not changed in non-linear
amplification environment while the conventional
BPSK signal suffers severe PSD regrowth.

Spectral Density (dB)

-100
00 05 10 15 20 25 30

()T,
Fig. 6. PSD of the CE-BPSK signals in non-linear
amplification environment.

In Table 2, the bandwidth efficiency of the
CE-BPSK signal is compared quantitatively with
that of the conventional BPSK, MSK, and

Table 2. Bandwidth efficiency of the CE-BPSK signal in
linear and non-linear amplification environments.

Linear Non-Linear
amplification amplification
Hz/(b/s) Hz/(b/s)

(two-sided) (two-sided)

CE-BPSK 1.25 1.25
Bi CPFSK
A 1.81 1.81
(h=0.715)

MSK 1.19 1.19
BPSK 1.27 15.8

Copyright (C) 2003 NuriMedia Co., Ltd.

optimum binary CPFSK signal with a modulation
index of 0715 in linear and non-linear
amplification environments. The bandwidth is
defined as the ratio of the frequency band around
the carrier frequency containing 99% of the signal
power to the data rate.

Fig. 7 shows the eye diagram of the CE-BPSK
signals.

Fig. 7. Eye diagram of the CE-BPSK signals.

Fig. 8 shows the simulated BER performance of
the linearly amplified CE-BPSK signal with
MLSD in AWGN channel. It shows that the BER
of the CE-BPSK signal is the same as that of the
linearly amplified conventional BPSK signal.

10° , ; : : :
= " CE-BPSK (MLSD)
B0t . ——  BPSK (ideal) ]
o
4
= 16% ;
o
i
@ 10° 3
104 | I I I L
3 4 5 6 7 8 9
E/N,(dB)
Fig. 8. BER performance of the CE-BPSK modulation

with MLSD.
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V. Conclusions

In this paper, the CE-BPSK modulation has been
proposed. Proposed waveform and phase transition
rule make it possible for the CE-BPSK signal to
have better power and bandwidth efficiency
compared to the conventional BPSK signal.

Since the bandwidth efficiency of the CE-BPSK
signal is almost the same as that of the
conventional BPSK signal, the RF transmitter
(except the power amplifier) and receiver for the
conventional BPSK signal can be used without
modification.

Simulation result has shown that the bit error rate
performance of the CE-BPSK signal is the same
as that of the conventional BPSK signal.
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