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Performance Improvement of a SCM Optical Coherent Detection System Using TCM Scheme
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ABSTRACT

Performance analysis of a subcarrier modulated (SCM) optical coherent detection (OCD) system has been carried out where
quadrature phase-shift keying (QPSK) scheme and Trellis-Coded Modulation (TCM) scheme are used. Here, Frequency modula-
tion (FM) is used as the principal modulation for the SCM system, while phase modulation (PM) has usually been employed. In
order to increase throughput ratio or 1o permit normal operation at lower SNRs, TCM scheme could be applied to the specitfic
communication systems containing non-linear devices, optical fiber link, satellite channel, etc.. But it is not easy to define the
transmission quality of the system.

In this paper, the performance of the FM SCM system using TCM scheme is theoretically analyzed by defining the error
bounds, an upper bound and a lower bound of error probability. Here, the noise variance at the FM discriminator output for each
subcarrier has been calculated by programming numerical integration. The program is based on the mathematical formula used in
describing an FM discriminator. Paralleling to this, computer simulations using communication software have been performed for
both systerns and then the results have been compared with the theoretical performance. Consequently, the system using TCM
scheme obtains the coding gain of 3 dB over the SCM system using QPSK scheme.
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I. Introduction

Several approaches to optical multiplexing
have been introduced™™. Analog Subcarrier
Multiplexing (SCM) is an attractive choice for
the optical transmission of multigigabit/sec-
ond signals, since it does not need electronics
dealing with very high data rate'”. SCM
accommodates both the analog and the digital
signal. By dint of subcarrier multiplexing
techniques, multichannel transmission can be
performed with one optical carrier. On the
other hand, multiple optical carriers are
required for Frequency Division Multiplexing
(FDM) so that the speed of the photodetector
will limit the maximum intermediate frequen-
cy (IF)"™. Wavelength Division Multiplexing
(WDM) is a second choice for coping with
electronic data limitation for the optical base-
band transmission. WDM can be used for
both the anaiog and the digital signal. WDM
and SCM can be implemented simultaneously
for efficient utilization of the full optical
bandwidth. Additionally, the coherent SCM
system improved a 14dB in receiver sensitivi-
ty compared to a SCM direct detection sys-
tem”. Therefore SCM and coherent detection
are an interesting combination to provide
high performance multichannel transmission

The SCM system employing the QPSK

scheme permits multiplexing of several bit
streams totaling to an overall data rate of 8 -
10 Gbit/s™. Here. if we employ the 8-state
TCM instead of the QPSK, which occupies the
same bandwidth as the QPSK, the perfor-
mance can be improved because of the coding
gain, While phase modulation (PM) has been
mostly used as a principal modulation
scheme, in this paper, FM is used for the
SCM system. FM can be more interesting
approach to optical fiber communication sys-
tem, since a variation of input current to a
semiconductor laser causes the frequency
modulation of an optical output signal.

In addition to this, the phase noise of semi-
conductor laser is a major problem in coherent
optical fiber communications, since it broad-
ens the laser linewidth and deteriorates the
performance. In recent study, Wu and Wang
showed that an effect of phase noise is
reduced by using a coding scheme'. Here,
they employ the binary phase-shift-keying
(BPSK) scheme with the heterodyne demodu-
lation in conjunction with convolutional codes.
The receiver sensitivity is improved by more
than 9 dB due to the error correcting capabil-
ity of the coding scheme. Also, Benedetto
proposed by using the TCM scheme, the per-
formance of the coherent optical channel

employing a polarization shift keying
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(POLSK) modulator™ is improved by 3-4 dB
without sacrificing bandwidth.

Error-control coding offers error-correcting
capability by making the system tolerable
against noise. Yet, this scheme needs several
extra bits, so that a larger bandwidth is
required. Therefore, the TCM scheme can be
an attractive approach for improving receiver
sensitivity and performance of an optical
channel.

TCM has been developed actively since the
publication by Ungerboeck” as a combined
coding with modulation technique for digital

@M The main advantage of the

transmission
TCM is the significant coding gain achieved
over conventional uncoded multilevel modula-~
tion(eg.. MPSK, MQAM, etc.) on the severe~
ly bandlimited additive white Gaussian noise
channel, while maintaining the same data
rate and transmitted power.

In view of modulation scheme aspects, if a
digital communication system generates two
information bits every T seconds, we can use
one of two possible schemes: the QPSK
scheme without coding and the 8-phase-shift
keying (8-PSK) with a rate R = 2/3 convolu-
tional coding.

The 8-PSK scheme utilizes the same band-
width as that of the 4-PSK scheme. But a
higher-order signal constellation system oper-
ates at a higher error rate at the same signal
to noise ratio because of signal spacing in the
constellation. Hence. the coding gain should
overcome this penalty. In the TCM demodula-
tor, the received signal is processed by
demodulation and decoding in a single step.
The Viterbi algorithm is used in decoding
transmitted data.

In section 1. the concept of a heterodyne
detection system and the noise characteristics

of an FM detector are described. Computer

2550

simulation has been performed and analyzed
in section . Finally conclusions and discus-

sions are contained in section I.
I. System Description

The SCM system shown in Fig. 1 consists of
an optical transmitter. a coherent heterodyne
detection optical link, and a microwave
receiver. The transmitter includes N channel
SCMs, whose outputs are fed into an FM
modulator.

At the optical receiver, the frequency mod-
ulated optical carrier is combined with the
local laser signal by an optical coupler. A
photodetector produces the microwave signal
from the combined optical signal. The
microwave signal consists of N channel SCM
signals and the optical intermediate frequency
(IF) signal between transmitted and local
lasers. FM demodulator extracts the original
SCM data from the amplified microwave sig-

nal.

2.1 Detection of an Optical SCM Signal
If an M~ PSK signal has phase shift m and
a symbol interval T, N channel SCM signal

can be expressed as

hY
X =A% coslo, 1+, (1) (1)
i= 1
where
A, = Amplitude of subcarrier
9 o=(2m+1)3r=angle of MPSK
w.. = Subcarrier frequency
m=0,1 . M1
where subcarrier frequencis should be several
times faster than the data rate. In an FM
modulator, Xy(t) is impressed on the frequen-
cy of an optical source. Hence, the outgoing

optical signal from an FM subcarrier modula-
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Figure 1. Block Diagram of N channel Subcarrier Modulated Coherent
Optical Communication System.

tor is

[
IYOLE \/l—"_cos{(u‘l +w, I 2\: A, cog

—o0 i=1
o, T+, (1] dr} (2)

where

P, = Peak power of transmitter laser
w = Angular frequency of transmitter laser
w; = Radian value of frequency deviation of

FM modulator.

Because », ») »_ , low-frequency(w,) signals
can directly FM modulate a laser diode for
transmission along fiber. Here, modulating
current should be small(a few mA) to mini-
mize the undesired intensity modulation of a
laser diode. So certain electronic followed by
a laser diode is required to reduce the effect
of the amplitude variation"”.

Let a local oscillator signal in the optical

receiver in Fig. 1 be

1o = \/7,1,() Cosw 1 (3)

where Py, is a peak power of a local oscillator
and wy, is an angular frequency of a local
oscillator, After an optical coupler combines a
local laser signal with the incoming optical
signal in (2), the output current of photode-

tector can be written as

i(1) = R[ P, + Py + 24Py, P, cos{e ot
+ ()] +n(t) 0

N

(1) = (odz J.cos{wscll +9¢,, (N} di

i=t on

where R: responsivity of the photodetector
wp intermediate frequency
9 .(t) . composite microwave MPSK signal
n(t) : noise
The photodetector output i(t) is passed
through an amplifier which is tuned to @ = @

s ~ @ Since the microwave frequency circuit
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blocks the DC terms. the output electric sig-

nal v(t) can be written as

W) =2RY D, P coslo . + DOy +ult)  (5)

[f we expand the information carrying por-
tion of the photodetector output in the series

of Bessel functions, we have

v(ry=2RJP,, 72 Z e 2 (BY)

”

Ny

L B2)d, (By) cos{(n ad {o) ot

+b.,, (l)]ﬁ‘n:[w ! +¢)mz(/)] e

(6)
m..[(-) AL (’)]}

where
w
,B,': E:jl_ (7)

and J,(B) denotes an nth-order Bessel func-

modulation index

tion. The desired signal component for each
of the SCM signals is contained in the prod-
uct of the first-order Bessel function. The
other signal components contribute to the
harmonic distortion and the intermodulation
in the adjacent signal channels. The ampli-
tude of the spectral line at the frequency fp-
+nf, is given by J,(8).

2.2 Demodulation of an FM Signal

In an FM demodulation system shown in
Fig. 2. any amplitude variation of the carrier
is caused by noise alone., because a baseband
signal modulates only the frequency of the
FM carrier. The IF filter whose bandwidth
can be B = 2f +2f/%.

carrier frequency and f; is the frequency

where fsc is the sub-

BPF

““““

deviation, passes the signal with distortion
and noise inside the bandwidth B.

A limiter suppresses such amplitude noise
by waveshaping circuits whose outputs are
nearly independent of modest changes in the
carrier. The bandpass filter following the
limiter removes the harmonics and selects the
fundamental frequency component of v, (t).

The frequency-to-amplitude conversion is
made in a discriminator with an envelope
detector which extracts the envelope compo-
nent of the signal. The baseband filter elimi-
nates the DC component, so that the output
signal becomes

v (1) = i'&z\:cos[mmwdan (1)] (8)

2 4 ' "

where A, is the output amplitude of a lim-
iter. Therefore, when we compare the detect-
ed signal in (8) with the modulating signal in
(1), the two signals are identical except the
amplitude determined by the FM demodula-
tor. A delay-and-multiply discriminator is
popularly used for the optical fiber communi-
cation system because implementation is easi-

er.

2.3 Noise Characteristics of an
FM Demodulator
In a typical coherent detection system, we
can assum that shot noise generated by a
local laser overwhelms the thermal noise gen-
erated in the postoptical-detection portion of

the receiver. And the shot noise can be mod-
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Figure 2. Block Diagram of an FM Demodulator.
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eled as white Gaussin noise. Hence, the out-
put noise of the IF filter can be written in
the narrowband representation, which has the
Rayleigh-distributed envelope and an uni-
formly distributed phase. In order to calcu-
late the output noise of an FM discriminator,
we set the modulating signal ¢(t)=0 in (5).
because the noise is almost independent of
the signal.

If the signal-to-noise ratio (SNR) is large
(usually most of the time), |n.(t)| A,
and n,(t) {{ A,, where n, and n, are the
quadrature components of the noise. After
the output noise of the limiter passes through
a discriminator with an envelope detector. the
noise can be written as

(=2 Ly ) o

2mA dt
where Ay is the output amplitude of a IF fil-
ter.The power spectral density of n,(t) is 7
over | f|<B/2, and the transfer function of
the differentiator is presented in an imagi-
nary form as ju/27r. Hence. the noise spectrum

of the differentiator output can be

2
S (o) = [;’f ] n (10

A

for | fl <B/2 and zero otherwise. Equation

(10) represent the non-linear characteristic of

an FM detection because the noise power is a
fuction of squared frequency. The spectrum
of this colored-noise at the discriminator out-
put is illustrated in Fig. 3. The discriminat-
ing action proffers the parabolic shape of the
noise spectrum which affects the performance
of the FM system in the presence of noise.
Let the baseband filter have the bandwidth
W which should be less than B. The output

noise power is

2 4]
o= =T )
3 A

2.4 Evaluation of Noise

A PSK detector is used in extracting the
source data from the baseband filter output
signal. If the SCM signal with noise is passed
through an integration~and-dump (I&D) cir-
cuit, the output becomes

,
Z(n = ~[1~f,~9)—‘ij cosm, fcos{m ! +¢,,(1)]dr

“~

0

T
+ fn(t) cosm ! dt
0 {12

where T is a symbol interval and (o, T)/27 is
a constant. Since n(t) is a Gaussian noise,
the second term of (12) is also a Gaussian.

-B/2 -w

f

Figure 3. The Power Spectrum of FM Discriminator Output,
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But, an FM discriminator modifies the noise
spectrum, so that the resulting noise is col-
ored, which has zero-mean with non-uniform
spectral density. Since E(Ng = 0 and E(NG)=

o’ = Var(Ng). we have

E\NI =k {J [ntntrycoste 1)

[}
A
cos(m 1') dt dl'} = /i‘){lef,‘(f

o

~1"ycos(w t)cos(w ') dt dl'} 0

In order to calculate the autocorrelation of
the discriminator output noise, it is necessary
to transform (10) into the time domain. Thus
we get

w

|
R(0) = j S(w) ™ do 1)

Since n(t) is real and even. we can write
AT
R(1)=—" (0)' coswTdm {15

where

A= 19
2nd,,.

which is the amplitude of noise. After the
signal is passed through the baseband filter
with the cut-off frequency W. by substituting
the R, (t-t") of (15) into (13), we obtain the
unnormalized noise variance in terms of (t-

t’). which can be written as

-
R l:‘v{HF—f”cosW(f 1)
O (

P o

——~4—A’+—,»sinW(t—t')
n(t—1)

2407% :
+——t—sin {1 — 1)
da(t—1)

2554

-cos(w  fycos(o 1) di d/'}
)

In the next section, we have evaluated
E(N/) in (17) with the known parameters. T
and e, by compuier programming which is
written in C language. Numerical calculation

is used in estimating the noise power.
i. COMPUTER SIMULATION

In this section, for the theoretical analysis,
the variance of noise at an FM discriminator
and the baseband filter output is estimated
by programming with C language. Then the
calculated performance curves, which are
based on the results. are plotted in terms of
the SNR. We have also simulated the subcar-
rier modulated optical coherent communica-
tion system using the QPSK scheme and the
TCM scheme. The simulations have been per-
formed using COMDISCO SPW software pack-
age"”. Then the results are compared with
the calculated performance in the computer
simulation section.

Also the main purpose of the simulations in
this section is to compare the SCM system
using the QPSK scheme with the system
using the TCM scheme. Because of that. one
subcarrier modulated channel is handled in
the SCM systems.

3.1 Estimation of the Noise Variance and
the Calculated Performance
In order to estimate the noise variance
which is expressed in double-integral form,
we have used numerical integration for the
programming. Set x, = a, h = (b-a)/M, y; = ¢,
k = (d-c)/N, and f; = f(y; , yu1). Then we can
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generalize the following formulas which com-
bine the rectangular rule with trapezoidal

rule as"?

[FUCRERECS » XUy

=0 0

thiat fa)

= hk Z Z w, [, (19

P

where

w; =1 for the interior grid points.

wy; = 0.25 for the four corner points.

wy; = 0.5 for the rest of boundary points.

For theoretical analysis of the system per-
formance, the variance of noise at FM dis-
criminator output expressed in (17) is esti-
mated by means of a computer program.

The programs are run for the given para-
meters: the symbol interval T is 20 ns., the
subcarrier frequencies w, are 0.1, 0.15, and
0.2 GHz: the bandwidth of baseband filter,
W. is 0.5 GHz. These parameters are
described in the next section (also see Table
1.). The results of computer derived vari-
ances are 9.527, 18.294,and 29.589 nW/Hz for
foo =0.1, fooc =0.15, and f, = 0.2 GHz, respec-
tively.

In order to determine the SNR based on the

calculated noise variance, the average energy
of the two binary digits at the integration-
and-dump (I1&D) output is computed as

. 42 Y rEY:
o AT AT
2 2

AT

where A is the amplitude of the carrier.
When we let A be unity, we can derive the
output SNR expressed as T/¢* where T is 20
ns and ¢° is the calculated noise variance for
the bandwidth of baseband filter, W = 0.5
GHz.

The TCM scheme used in the simulation is
shown in Fig. 4(a). A rate 1/2 convolutional
encoder with a 8-PSK mapper is contained,
where two shift registers (L=2: the constraint
length) and two modulo-2 adders are used. In
accordance with normal operation. the shift
registers are assumed to be cleared (zero),
when the first message bit arrives. Hence, we
can construct the trellis diagram as shown in
Fig. 4(b)where the solid line denotes the out-
put sequence which is generated by the ‘0’
input bit. And a dotted line denotes the out-
put sequence which is generated by the I’
input bit.

In order to plot the calculated performance
curve, we substitute the calculated SNR into
the formula, which expresses the bit error

probability for each system. For a 4-state 8-

uncoded

2/3 TRELLIS CONER ¢
2

bit

112 CONVOLUTIONAL CODER| <,

input

MAPPER

67
o 7 k
T %>

8.p5K o o w;\—:\:fzi:?

Figure 4. (a) 4-state 8-PSK TCM Scheme, and (b) its Trellis

Diagram.
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PSK TCM system. the following equation is
used in determining the upper bound of error

probability as"

i
i() J41 A /+§ el

—\
Jd2E, 1N, )51(?/)

I=1,D=¢ Eb/4No

19

where d’°. = 4.586 which denotes the minimum
distance associated with the error event. 2
T(D.,I)/2] represents the weaker transfer
function bound, and Q(.) describes the

Gaussian error integral as

{2

The first term in the right-hand side of
(19) can be the lower bound of error probabil-
ity of a 4-state 8-PSK TCM scheme. The bit
error probability of the QPSK scheme is pro-
vided by Q(\/—ZEJNT,), We have plotted the cal-
culated performance curves for the uncoded
QPSK scheme and a 4-state 8-PSK TCM

scheme which includes the upper bound and

Olx)= /,A

lower bound of error probability in Fig. 8-10.

QPSK or |
TCM AWGN*
QPSK or
FM
TCM™ | Modulatorl|
[ToPsSKor
TCM ' ;
L Fw PSK [viterbi |- I Decision
Demodulatof ] Detector [T Decoder |7 Circuit
N v
lncihidedi)ri

TCM Decoding

* Additive White Gaussian Noise

Figure 5. Block Diagram of the Simulation System.
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3.2 Computer Modeling and Simulation of

the SCM system

A block diagram of the communication sys-
tem that we simulated is shown in Fig. 5. It
should be noted that the simulation configu-
ration does not include optical signals, and
that only the DSP equivalents of RF and
microwave frequencies are used. The basic
time unit represented 1 ns so that a frequen-
cy of 40 Hz represented 40 GHz. Similarly,
the subscriber frequencies of 100, 150, and
200 MHz were scaled to 0.1, 0.15, 0.2 Hz,
respectively. These frequencies are harmonics
of 1/T. and thus are orthogonal to each other
over a common T-second pulse interval. And
the period T = 20 ns is equivalent to 5 x 10’
symbols/s.

There is 50 MHz space between the IF fre-
quency and the data frequency for the first
subcarrier. So extremely narrow laser line-
width is required for this system. The para-
meters used in the simulation are written in
Table 1.

In Fig. 5. the outputs of QPSK modulators
are summed and FM-modulated for transmis-

sion, where a subcarrier is modulated. In the

Table 1. Parameters for the Simulation

Parameter Specification
Sampling Frequency 400(GHz)
Symbol Duration 20(ns)
Subcarrier Frequency | 0.1,0.15,and 0.2 (GHz}
Maimum Freq. Deviation 1(GHz)
f 40(GHz)
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channel, the Gaussian noise is added and
then the noisy SCM signal is fed into an FM
demodulator where the baseband signal and
the noise with a quadratic spectrum are
detected. . In the PSK detector in Fig. 6, the
signal is multiplied by the subcarrier and
then the resulting signal is passed through an
integration-and-dump circuit which extracts
the source data.

The sampled signal of the PSK detector
output is compared with the source data by
the decision circuit. Here, the source data is
transmitted through a delay device from the
source. When the simulation run is complet-
ed, the results, which include the total num-
ber of output samples, errors, and the BER
are stored in the SPW file.

Li.cosm it

=T

jT I

<

0]

-gsinf-ut
T t=T
@_.j I

=123

Figure 6. Schematic Diagram of a PSK Detector Used in
the simulation Model.
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For synchronization, we have used a locally
generated clock which has approximately the
same timing as that of the incoming carrier
signal. Delay elements are used in adjusting
the time difference between the source data
and the delayed (or distorted) output data.

The SCM system which employs a 4-state 8-
PSK TCM system, as shown in Fig. 5, con-
tains a TCM encoder and a TCM decoder. A
TCM encoder is designed as shown in Fig. 4.
A TCM decoder employing the Viterbi algo-
rithm regenerates the source data from the 8-
PSK input signal. The detected signal is han-
dled the same manner as that of QPSK.

3.3 Simulation Results and Performance
Evaluation

From the simulation results, the noise sig-
nal at a discriminator output is drawn in a
frequency domain by SPW as shown in Fig.
7. When we compare this figure to Fig. 3
which is based on the theory, both curves are
almost identical each other.

The sampling rate f; is one of the principal
parameters of the simulation because it
should be a sufficient number of samples in a
period of the highest frequency in the system
{fir = 40 GHz). The choice of f, = 480 GHz

'%\WWMM‘ |

5} 0.5

R

Figure 7. The Simulated Noise of the Discriminator Outpuf.
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resulted in 12 samples per period at fIF. So
typical running times were on the order of 11
hours for 10 million samples Running time of
each simulation is approximately 110 hours
for 10° samples. Since the Monte Carlo simu-

lation method™”

is used in estimating the per-
formance, we can estimate the BER up to 10°.
In order to calculate the SNR from the sim-
ulation result, let the receiver input ampli-
tude be unity. In the simulation model for
the SCM system. the input SNR in terms of

simulation parameters is described as

/s

SNR =
40°03,,

input

where f; = sampling frequency.
@’ = variance of noise.
Bi, = the bandwidth of the IF filter at
the front end of the receiver.
The simulation results for each subcarrier

frequency are shown in Table 2. In this

table, we have listed the BER's for the given
noise variance.The BER vs the SNR graphs
for each subcarrier is plotted as shown in
Fig. 8-10. Here. the 'O’ and ‘A’ marked
curves denote the simulation results for a 4-
state 8-PSK TCM scheme and a QPSK scheme
respectively.

According to the results, TCM scheme
achieves 3 dB coding gain compared to QPSK
over the SCM optical channel using the same
bandwidth. The SCM systems using higher
frequencies receive more noise power over the
colored Gaussian noise channel. So the system
using fsc= 0.1 GHz offers 3 dB higher quality
than that of the system using f,= 0.15 GHz
does. Similarly, the system using f,= 0.15
GHz has 3 dB advantage in performance com-
pare to the system using f,= 0.2 GHz.

We have also found that both the upper
and the lower bound of error probability

curves for TCM scheme are overlapped in the

Table 2. Simulation Results of the SCM Systems.

AWGN f,=0.1 GHz f,=0.15 GHz f,=0.2 GHz
TCM QPSK TCM QPSK TCM QPSK
12.0 | 4.0x10- NC NC NC NC NC
9.5 7.9x10* | 8.0x10° NC NC NC NC
9.0 5.6x10" | 6.3x10° NC NC NC NC
7.5 1.1x10" | 2.7x107 | 3.2x10° NC NC NC
_6.75 | 4.2x107 | 1.6x10° | 6.3x10" NC NC NC
6.0 NC 7.9%10* NC 6.3x10° NC NC
5.25 NC NC 1.6x10" | 3.2x10° NG NC
4.75 NC 1.7x10* | 6.3x10° | 2.5x10° | 2.5x10° NC
4.5 NC NC 2.8%10° | 1.9%10" NC NC
3.75 NC 3.4x10° NC 6.8x10° | 5.6x10* | 7.2x10?
3.0 NC NC NC 1.4x10° | 7.9x10° | 2.5%x10°
2.75 NC NC NC NC 2.0x10° | 1.4x10°
2.5 NC NC NC 2.2x10° | 4.0x10* | 7.9x10"
2.0 NC NC NC | NC NC 1.6x10*
| 15 NC NC Nne [ NC NC | 25x10°
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Figure 8. Error Probability of the SCM Systems Using a 4-State 8-PSK TCM Scheme and a QPSK Scheme (£ = 0.1 GHz).
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Figure 9. Error Probability of the SCM Systems Using a 4-State 8-PSK TCM Scheme and a QPSK Scheme (£, = 0.15 GHz).
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Figure 10. Error Probability of the SCM Systems Using a 4-State 8-PSK TCM Scheme

and a QPSK Scheme (£, = 0.2 GHz).

range of BER ¢ 10®. So the both error proba-
bility bounds at ultra-low BERs are almost

same.

V. Conclusion

In this paper., we have investigated the pos-
sible advantages of the subcarrier modulated
optical coherent communication system using
the TCM scheme over the QPSK scheme.
From the simulation results. the SCM system
using the 4-state 8-PSK TCM scheme provides
a 3 dB gain over the SCM system using the
uncoded QPSK scheme.

We have found that a TCM scheme can be
applied to optical fiber channels as a perfor-
mance improving technique.

In order to analyze the SCM system theo-

2560

retically, the calculated variance of an FM
discriminator output is used in determining
the SNR of the SCM system. We have defined
the performance in terms of the SNR. the
upper bound and thé lower bound of error
probability, of the SCM system using a TCM
scheme. We have realized that both bounds
are superposed when the BER ¢ 10°. Also, the
lower hound of error probability can be
expressed by a much simpler equation than
that of the upper bound of error probability.
Therefore, by using the lower bound of error
probability alone, we can completely estimate
the performance range BER(10°.

The system performance could be improved
by employing a higher state TCM, by using
Table II in (9). 8-state 8-PSK TCM gaining
3.6 dB , 16-state 8-PSK TCM gaining 4.13

www.dbpia.co.kr
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dB,

etc.. Multidimensional TCM (constant

amplitude type) can also be used in improving

the system which contains non-linear devices.

1.

5.

. G. Ungerboeck,
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