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Abstract— The limited bandwidth of high-speed transmitter result of having been in the research focus for the last 6-8
and receiver hardware gives rise to intersymbol interfereme years. Indeed, the current transmission record over aesingl
(ISI) in digital communication systems. The influence of sug fiber (25 Th/s) was enabled by DQPSK modulation [2]. It

ISl is investigated in a low-complexity fiber-optical settng, using . f ial i ¢ f t desi I
differential quaternary phase shift keying (DQPSK) modulaion. IS OF crucial 1mportance tor system designers, as well as

The ISI is approximated by a memoryless, stochastic model, telecom operators, to fully understand the cost/compjexit

for use in applications where neither equalization nor seqance Vs. performance trade-offs of DQPSK and QPSK systems.
detection can be afforded. The channel capacity of this mode \We will return to this trade-off discussion when discussing

is calculated and shown to depend strongly on the transmitte the optical transmitters in Section II-A.

calibration. More than 3 dB is gained, at a target bit error rate . . .
of 1079, by allowing the transm?tted phase Ieveg{s to deviate from ~ PQPSK modulation is well understood theoretically for
their nominal multiples of /2 by up to 7 %. additive Gaussian noise and ideal transmitters and reseive
[3, Sec. 5.2.8]. It is used in numerous wireless standardsh(s
as the IEEE 802.11 standards for wireless LAN) and there is
now a rapidly growing interest in using DQPSK modulation
In high-speed fiber-optical communication systems, ttaso in fiber-optical communications. The performance of
nonzero rise time of electrooptical modulators deteresdhe such systems was theoretically analyzed in, e.g., [4], [5]
system performance. In combination with the receiver lovand references therein. Experimental realizations of DQPS
pass filters, which are also nonideal, the nonideal tratsrait systems were discussed in [6]-[9], and more recently in WDM
introduce intersymbol interference (ISI) to the demodkdat configurations [2], [10], [11]. Effects of the optical transter
signal, even at short ranges where the fiber dispersionaisd receiver on system performance and channel capacigy hav
insignificant. In a previous paper [1], we analyzed the irkowever never been studied theoretically.
fluence of nonideal hardware on coherent quaternary phaseThe standard method to combat ISI is by equalization
shift keying (QPSK) transmission in a fiber-optical syst&de. or sequence estimation [3, Ch. 10-11]. In a fiber-optical
showed that the IS, if not compensated for, causes unequferential PSK setting, ISI has been discussed and nédita
bit error rates (BER) between the two QPSK bit streams aedy., by skewed precoding [12], convolutional error-cotica
an overall performance degradation. codes [13], symmetric DPSK [14], electronic processingd,[15
The work in [1] is here extended to differential QPSK16], and maximum liklihood sequence estimation [17]. In
(DQPSK) systems. The ISl that is visible in PSK constelladio those papers, the main ISI source is fiber dispersion and
and found to influence the two bits in the QPSK symbakceiver filtering, while ISI from transmitter imperfeatio was
differently is averaged over all transmitted phases for BRP studied to a less extent.
and is thus not visible as a BER difference between the twoin this work, we consider a scenario where equalization or
DQPSK bits. However, the effect is still present as a lindtat sequence estimation is too complex. The question is, can thi
in DQPSK systems. As will be shown, it causes unequgipe of ISI be mitigated to some degree, without adding any
symbol error rates (SER), conditioned on the transmittedditional hardware or processing resources? The answer is
symbol, and it increases the average BER. We also discygs, by up to 3 dB. We show this by developing a stochastic
and quantify how simple modifications to the transmitter canodel for the ISI, calculating the theoretical channel ciya
improve the system performance. of the model, finding transmitter parameters that maximize
From a communication-theoretical perspective, the diffethe capacity, and simulating the BER using this modified
ences between QPSK and DQPSK are significantly altergednsmitter.
noise statistics and the requirement for differential poiag.
From a more practical fiber communication perspective, the
DQPSK receiver is significantly easier and less complex to
realize than the coherent receiver required for QPSK, atho = The dominating impairment in the studied communication
it comes at the expense of an SNR penalty. In fact, opticgfstem is, apart from the nonideal hardware, the amplified
DQPSK systems are significantly more mature and closer gpontaneous emission noise of the erbium-doped fiber ampli-
commercialization than coherent QPSK systems, which isfiar (EDFA). Other mitigations like thermal noise, shot r®is

|I. INTRODUCTION

Il. SYSTEM MODEL



and all kinds of dispersion and nonlinear effects are iggiore C o) ’?ba
The data rate is 20 Gbit/s (10 Gsymbol/s). s zam&p'_‘"g
CaD -

o
A. Transmitter

Differential detector

At bit rates of 10 Gb/s or higher, the commonly used
transmitter is based on an ideal continuous wave (CW) lageg. 1. Structure of the system receiver.
and an external modulator [18, p. 122]. In short, the trattemi

converts the CW light radiated from the laser into a data- yr(t) v,
coded pulse train with the proper modulation format. To £0) r(t) m He(H=ro—
transmit a DQPSK signal, different transmitters with vagyi O~ 4’* ya(t) Yo
complexities have been investigated [19]-[21]. In [19}eth c ) m %%

DQPSK transmitters are compared. The two simplest transmit

ters in [19] are used in this paper and are denoted as TX-A drig 2 Equivalent system baseband model.

TX-B. TX-A uses two modulators, one amplitude modulator

and one phase modulator, which are connected seriallyewhil

TX-B uses a single phase modulator [1]. These transmitterSince the transmitted bits modulated by the phase modulator
configurations are the simplest from a cost/complexity pefsased transmitter are naturally mapped, a DQPSK precoder is
spective. It is well known that e.g. the parallel Mach-Zetind needed, not only to realize the differential encoding bsbal
modulator (MZM) may give better performance, partly fromthe Gray mapping of the information bits. This precoder issth
the forgiving electrical-to-optical transfer characstids that more complex compared to what is used in digital wireless

reduce the influence of noise from the electric driving sigzommunications. The logic operations of the precoder used i
nals. From a system vendor perspective, these modulatgiis paper are [24]

have significant drawbacks such as requiring active biasing

and temperature stabilization, besides being intrinlyicabre ¢in = (((din @ dan) A Can1) B din) @ Crn

costly and less mature especially at high b_andwidths4() _ Com = (din @ dop) B a1

GHz) [22]. Therefore the parallel MZM, being common in

research, is by no means a commodity in system developméMieren stands for the index of the binary streanis,, and
Alternatively, a pulsed DQPSK (often denoted (RZcin fori € {1,2} denote the information bits and the coded

DQPSK) transmitter could be used, requiring the use of &S, ® andA are exclusive or (XOR) and the AND operation,

additional modulator for pulse carving or a mode-lockeetasrespectively. The precoder outputs, the coded bits and

source. While this solution has less transmitter ISI, itl&a c2,», then pass through a mapping unit and map,t@ndb;,,

more com plex and costly, and requires more bandwidtasp-, ast, € {—1,1} andb, € {0,1}.

which is a drawback in wavelength division demultiplexing

systems. We therefore believe that there is a strong interets B. Recejver

least from optical system designers, to evaluate the uitima

performance of these simpler, low-cost transmitter stnest. is, first amplified by an EDFA before passing through an

The normalized baseband transmitted _5|gnals of TX-A arEa%tical bandpass (BP) filter. The output of the BP filter is
TX-B, denoted asfa(t) and fp(t), respectively, are split into two branches, subsequently referred to as thiecise
() and quadrature (Q) branch. In each branch, the signal is
first differentially detected, then filtered by an electtitzav-
) pass (LP) filter. Finally, a sampling and decision unit makes
a decision based on the outputs of the two branches. Note
fa(t) =n-ei3 % (antbn)p(t=nT) @) that thgre is no equalizer in this system. The purpose of th_is
paper is to demonstrate that the adverse effects of ISl in
wheren is a power control scaling factdr, is the symbol time, optical communications can be reduced without increagieg t
a, andb,, are the binary output of mapping units that map toomplexity of the receiver. Hence, equalization and segeen
the DQPSK coded bits, andt) is the impulse response ofestimation, which require the implementation of high-shbee
a pulse shaper. The pulse shaper is used to model the limi#&g® conversion and digital signal processing, is beyond the
temporal response of the transmitter, and it has a unity msgope of this study. We refer to [25]-[27] for results of
raised cosine (RC) impulse response in the time domain. Tégquence estimation and equalization in fiber-optic recsiv
roll-off factor of the RC pulse is determined by the bandWidt A model of the receiver is created to simplify our
of the hardware electronics, i.e., the higher the transamss study (Fig. 2). In the model7, n(t), H,(f) and Hy(f) rep-
data rate, the larger the roll-off factor because of the hadith resent the the EDFA gain, the optical noise and the frequency
limitation of the electronics. In previous works, it has beset responses (low-pass equivalent) of the BP and LP filters,
to 0.5 [19], or 0.4 and 1 [23]. In this paper, a value of 0.7espectively. The DDI/DDQ denote the differential detecto
is used, considering the moderate transmission rate. éurtmphase (DDI)/quadrature (DDQ) branch. The differentied d
details ofp(t) can be found in [1]. tector includes a delay interferometer with a differentdelay

In the system receiver (see Fig. 1), the received signal

falt) =7 -sin [g S (anp(t — nT))

n

el % Xy bap(t—nT)
Y

and
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Fig. 3. Equivalent differential detector | (DDI) branch.

SER

of one symbottn/4 and a balanced receiver, which comprise
two photodiodes [28]. Fig. 3 shows the mathematical diagre 107k
of the differential detector | branch, where T represents tl

symbol time, and the square functipn? is due to the photo 107 ; ; : \ i \
diode, which is assumed to have a unit responsivity. Tt N ® -
assumption is for notation simplicity only and will not afte v

the conclusions. Fig. 4. Simulated symbol error rates when using TX-A.

An EDFA not only amplifies the signal, it also contributes
some noise:(t). This noise is commonly modelled as a zero-

mean additive white Gaussian noise (AWGN) with single- : - S
. . . At th , th d th f f the EDFA
sided noise power spectral densilyy = %huG, where F © receiver, e gain and e hoise Tigure of the

s th lifi ise fi Hy is the ohot are set at 30 dB and 5 dB respectively. The carrier wavelength
'S IN€ amplilier NoISe Tigure anfy’ 1S the photon ENergy. i 1554 nm and the bandwidth of the optical BP filter is 40

Although the optimum bandwidth of the optical BP filter IS5Hz. The Butterworth low-pass filters have an ordenof= 3

around 2-3 times the data rate depending on the modulatgmj a cutoff frequency of, = 7 GHz in all simulations [29],

format, the transmitter characteristics [23], [29], a sidfitly [32]

stabl_e na_rrovv_-band op_tical filter is not a realistic soluti@_he When using transmitters TX-A and TX-B, the simulated
BP filter in this paper IS chosen to have a 3 dB bandW|d_th %fER, which is conditioned on each of the four transmitted
e e e e " 9 Btol,versus, ¥, are ploted n Figurs 4 and 5 respec
tively. The E}, /N, is the ratio between bit energy and single-
_ 227 sided noise spectral density before the optical BP filted an
Ho(f)=e 577, 3 Ey is calculated ass, = 1E, and E, = G? 'tto"JrT |f(t)]?dt,
where B is the 3 dB bandwidth. where E, is the symbol enerdy T is the symbol timegg
The design of the low-pass filters, which are realized on tli& an arbitrary time instant and(¢) is the received signal.
electrical side of the receiver, offers more flexibility ththe The symbols{00, 01, 10, 1}, shown in the figures represent
bandpass filter. Because of the ISI existing in the transahittthe two information bits agd;d2}. Since TX-B has only
signal due to the non-zero roll-off factor of the pulse sliapene modulator while TX-A consists of two modulators, TX-
and the nonlinear characteristics of the photo diodes, fll has a simpler structure. It is thus no surprise to see that
optimization of the filter responses is a formidable problethe system using TX-A performs better than the system using
in itself [30] and beyond the scope of this paper. In this papd X-B, which has been reported in [19]. For comparison, the
a Butterworth filter is chosen, which is commercially avhiéa average BER of the system is also included in the figures.
and commonly used (see e.g. [31]). The frequency responsés seen in the figures, symbol 00 performs the best for

of a Butterworth filter is both systems. When using TX-A, symbols 01 and 10 have
similar performance and are worse than symbol 11. However,
HL(f) = 1 (4) when using TX-B, symbol 11 performs the worst and gives
L 2N ; i
L+ (f/fe) almost twice the error rate of symbols 01 and 10. Again these

two symbols perform similarly and much worse than symbol

whereN is the order of the filter ang. is the cutoff frequency. .
The decision, made from the output of | and Q branche%o' The performance differences between the best and the

6

Y; andYy, defines the received bits of the DQPSK symboYVbrSt symbols are about 2 dB and 4 .dB at a.SERl@)T
. . . When using TX-A and TX-B, respectively. This difference
which should, in the absence of transmission errors, recove . . )
the information bitsd; and ds IS even larger if the target SER is lower. The two bits of
' the DQPSK symbol have equal BER performance, which is
different from a coherent system where the two QPSK bits

lll. SIMULATION AND SER RESULTS performs differently [1]. The reason why unequal SERs give
In all the simulations, random independent informatios biequal BER performances is that the symbol performances are
with a total bit rate of 20 Gbps are used, and the symbol error, _ _ .
. d after more than 50-100 svmbol errors hen using TX-A,E; is av_erag_ed over a large number of symbc_)ls since
rate was estimated a Y h energy between symbols is slightly different due to the of amplitude
occurred. modulator.
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Fig. 7. Simulated signal constellatiolry(, Yy) without noise (left) and with

10 noise (right) when using TX-BE;,/No = 13 dB when with noise.
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107 With an ideal fiber as assumed in Sec. Il, the sigfi@l)

4 6 8 10 12 14 16 18 20 22

E /N [dB] in Fig. 2 equals eitherf4(¢t) (when using TX-A) or f5(t)
v (when using TX-B). From the figure, we can write signél)
Fig. 5. Simulated symbol error rates when using TX-B. asr(t) = (Gf(t) + n(t)) * ho(t), where the asterisk denotes

convolution andh,(t) is the BP filter impulse response. Since
the bandwidth of the received signglt) is much smaller than
the BP filter bandwidth, it is reasonable to assume that the
signal f(t) is undistorted after the BP filter such thdt) =
Gf(t)+n(t), wheren(t) is the noisen(t) filtered by the BP
filter H,(f). For derivation convenience, we further rewrite the
complex signalr(t) asr(t) = A,(t)e %) 4+ N, (t)e 300,
such thatd, (t)e 7" = G f(t) andN,(t)e 7" = fa(t). The
outputs of the DDI and DDQ in Fig. 3 then can be derived

as:
Fig. 6. Simulated signal constellatiolry(, Y) without noise (left) and with — _ T_ _
noise (right) when using TX-AE}, /No = 1??dB when with noise. yi () As(£)As(8 = T) cos (¢(t) + 4 ot T))
— AN (t = T) cos (9(t) + 7 — 0t~ T)) "
T
averaged when computing BERS. — N,(t)As(t = T') cos (9(t) +q ot - T))
To illustrate why the unequal SER occurs, we plot the signal 7r
constellation of the sampled low-pass filter outgit, Yy) = Ns(t)Ns(t = T) cos (G(t) + 4 o(t — T)) '
in Figures 6 and 7, when systems using TX-A and TX-B, T
respectively. The bits of the symbol§00,01,10,1}, shown yQ(t) = —As(t)As(t = T') cos (‘b(t) 1 ot — T))
in the figures represent the information bfi$ d»}. From the CADN(t—TVeos (bt — T — ot —T
figures, it can be easily seen that the four symbol clouds are s(ONs( ) cos (¢( ) 4 ( ))
asymmetric, especially in Fig. 7 where the system uses TX-B. — N, (t)Ag(t — T) cos (g(t) _T_ ot — T))
A more dislocated symbol cloud means that there are more %
signal points close to the decision boundaries, which arecth — Ny(t)Ng(t — T') cos (e(t) i ot — T)) .
and y axes in this case. Since the signal points which are clos (6)

to the boundaries dominate the performance at a high signalThe first terms of the equations present the desired signal
to-noise ratio (SNR), the asymmetric signal constellatiolh  while the other three terms are the noises. To calculate the
lead to the unequal symbol performance. When TX-A is use§ER, we write the sampled LP filter outputs¥gs= S; + N;
symbols 00 and 11 have less dislocated clouds than symb@ﬁﬁjYQ = Sg + Ng, whereS; and Sq are the desired signals
10 and 01, and they thus have better performance. Howewvgid N; and N, are the noises. The desired signal pafsand
when using TX-B, symbol 11 has the worst performance, ttg,, are the convolutions of the LP filter impulse response with

reason being that it has the most dislocated cloud. the signal components gf (¢) andy(t), respectively. For the
Butterworth filter of order 3 with the frequency responsesgiv
IV. THEORETICAL SERRESULTS by (4), the impulse response is

In this section, the theoretical symbol error rates of the
studied DQPSK systems are derived based on the system  hr(t) =27f. (e_%fct — e el cos(V/3rf.t)
model described in Sec. Il. We assume that the transmitter

- o 1 _ .

and receiver together have a finite memoryhosymbols and 4 et Sm(\/gwfct)) t>0.
the ISI only occurs inm = 4 consecutive symbols in our V3
derivation. This assumption is accurate at a reasonabkenoi Since the transmitting adjacent NRZ pulses overlap, inter-
level. ferences come from both the previous and subsequent symbols



A caused by ISI. Neither equalization nor sequence estimétio
g8 L ,}g I »Q.»"H available, see Section II-B. A memoryless discrete-timeleho
7o uh) is therefore used for the channel, where the ISl is regarded a
an additive non-Gaussian noise source. For ease of nagtation
we usea to represent a symbol € A = {00,01,10,11}.
: ., — WY Basically, the theoretical constellation clouds of symhol
¥ e ns R -4 is represented by the tripletsSy (i), S& (i), P(i)) for i =
1,2,---,4™, whereP*(i) is the probablhty of each point in
Fig. 8. Analytical signal constellation§S;, Sg) when using TX-A (left) the. ClOUd of symbok and Zi:l p(i) =1 for all a € A.
and TX-B (right). Ioq Usmg_X andY to_ tepresent the channel input and output, the
transition probabllltles are

. . . ’ St o (S
In order to account for all the interference, withconsecutive P (Yoo|Xa) Z Pe( T Q—, ) Vae A
symbols included iry;(t) andyg(t), the (m — 1)th symbol is
set to be the desired one. Thu, and .S are obtained from

’ SHONNle10)
the convolution ofhy,(¢) and the signal components gf(¢) P(Y01]Xa) Z P(i)Q ( L > Q <T ,Va € A
andyq(t) overm — 1 symbol intervals,

(m—14p)T . —S¢(i) % (i)>
si= [T @ el - vr - @ PR ZP Q( - >Q< ;) veeA
pT
(m—1+8)T . —S(3) —56(0)
SQ—/QT yb(r) - he((m—1)T —r)dr, (8) FHulXa) ZP Q( . )Q( ; )’V““
10
where y7 (1) and y5() are the first terms of (5)and (6),yhere Q(x) Lfm —-*/20t The conditional sy(mb)ol

0<p<070<pg <07 and their values are choseny  or rate can thg?Tbe derived as
by numerically optimizing the SER performance. The analyti

signal constellatior{ S, Sg), which is equivalent tqY;, Yp) Pe(Xq) = Z P(Y3|Xa)
without noise, is plotted in Fig. 8, and they agree very well be A

with the simulations results shown in Figures 6 and 7. In the l:;a . ol

figure, each symbol hag™ samples and in total™+! samples =3 Pe(i) [Q (|5?(2)|> Iy (|5Q(Z)|> (11)
are generated. The reason is tlifét) needs to covern + 1 ; o o

symbol intervals in order to haver consecutive symbols in 15%(3)| 1S ()]

yr(t) andyg(t) due to the differential decoding. Q (IT) Q (QT)}

The noises N; and Ny are derived from the noise
terms in (5) and (6). Since the last terms of the equa-In Figures 9 and 10, the theoretical conditional SER are
tions, N,(t)Ny(t — T)cos (6(t) £ 5 —6(t — T)), are rela- compared with the simulation results when using TX-A and
tively small compared to the domlnant noises of terms 2 andlX-B, respectively. In all simulations, because of the uge o
at relevant SNRs, it is ignored in our calculation. Becailrge trandom information bits, the-priori probability is uniform
signal amplitude and phasel(t) and ¢(¢), in the relevant distributed, P(X,) = 1/4. Thus, the uniform distributed
noise terms are deterministic values at any given time, thepriori probability is applied when computing (11). l.e.,
noise statistic depends only oN,(¢) and (¢). Recalling P®(i) = 1/4™ for i = 1,2,---,4™. The analytical results
that N,(t)e 7() = a(t) and i(t) = n(t) = ho(t), where are quite close to the simulations, especially when TX-A is
n(t) is an AWGN, it can be shown thdi(t) is a zero-mean used. When using TX-B, there are slight differences between
Gaussian process and the correlation.@f) and#(t —7T') can analysis and simulation results at high SNRs. The reason is
be ignored [33], [34]. The noise contributions in(t) and that the system using TX-B has more dislocated signal con-
yo(t) are thus zero-mean Gaussian processes. In particular,stedlations and it is therefore more sensitive to the assiomp
noise samples at time= n1T" are Gaussian random variablesind approximations or their combinatiéns
with zero mean and variance &f¢ - G* - [~ \H,(f)| df
due to thatA,(nT) = G. Passing this zero-mean Gaussian V. CHANNEL CAPACITY

process through a linear LP filter, the output is another-zero As stated in Section II-B, the studied DOPSK systems

mean Gaussian process in which each sample is a zero- mg&l low-complexity receivers in which neither equalizasio
Gaussian random variable. At time= nT', the variance of

th bl b lculated 3 Sec. 223 nor sequence detections are applied. The interference from
ose variables can be calculated as [3, Sec. 2.2.3] other symbols are counted as additional noise when congputin

o2 =20 2 / |H0(f)|2 IHL(f)|2 df. 9) channel transition probabilities as in (10), the channdls o

2
2These assumptions and approximations include that thes &l within
With the low- complexny receiver studied in this paper,, symbol intervals, the BP filter has no effect on the transditignals and

there are no means to exploit constructively the time dltyersme noise is approximated to be Gaussian distributed.



—— Simulation Original TX-B

10718 — — —Analysis |4 — — — Modified TX-B
O Symbol 01 o PXy |
*  Symbol 10
~ P(X
1072k O Symbol 11 |3 * PO -
< Symbol 00 T P
ol 1 o PX,)

SER

10 'k

a priori probability

10°¢

-6

10 'k

-7
10 - :
4 6 8 10 12 14 16 2 4 6 8 10 12 14 16

E,/ N, [dB] E,/ N, [dB]
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modified TX-B.
10° l : : ‘
I’ : jiimrlaﬁon As we have stated in the previous section, the channel input
107} 17 o oymbal 111 X has a uniform distribution in all the previous simulations,
©  Symbol 01 P(X,) = 1/4 for V a € A. With this uniform P(X,), the
107} e Airacied] | information calculated from (12) will not i |
4 Symbol 00 mutual information calculated from (12) will not in general

be maximized becausB(Y;|X,) is not symmetric, which is
indicated by the signal constellations given in Figures & an
Thus, we first modify the inpué-priori probabilities P(X,)
so that the maximum mutual information can be achieved. To
find the optimumP(X,,), the MATLAB functionfminsearch is
used. Given initial probabilities dP(X,,), this function returns
the optimumP(X,,) that gives the local maximum d{ X, Y").
. ) Although it is not proved that the mutual information for the
107 i i i i i AN i studied channel is a concave function BfX,)3, by trying
A S different initial values ofP(X,), the same output results imply
oo that the local maximum is also the global maximum. The
Fig. 10. Comparison of the simulated and analytical SERswasing Tx-8. OPtained! (X;Y) is thus the channel capacity. The reason that
P(Y,|X,), YV a,b e Ais notindependent aP(X,) is because
Pe(i) in (10) is a function of P(X,), i.e. the probability
of each point in the symbol clouds is a combinationasf
such systems thus are memoryless. For memoryless channg{gyj probabilities ofm + 1 symbols. Also for this reason,

channel capacities are obtained by maximizing channelahuty,e numerical Blahut-Arimoto algorithm [35, pp. 366-36F] i
information, which are related witta-priori and channel ¢ applicable in its standard form.

transition probabilities. In this section, two modificatiare |, Fig 11, the optimura-priori probabilities versusz, /N,
proposed in order to improve channel mutual informationye piotted. The figure clearly shows that the optimum input
one fora-priori probabilities and one for channel transitionyisiripution is uniform only at highE,/Ny. We compare
probabilities. N the mutual information with the optimum and uniform input
Given the transition probabilitieB(Y;|X.), ¥V a,b € A, the  gistribution in Fig 12. As it shows, the difference betwebe t
mutual information of the studied channel is defined as [3, PRyo mutual information is negligible. We therefore conaud
382] that the modification of using optimupriori probabilities
P(Ys|X.) P(X,) is not efficient in improving the channel mutual
I(X;Y) =YY P(Xa)P(Yy|X,)log PO (12) information for this particular type of channel.
acAbeA b From our previous study of a coherent QPSK system in [1],

where P(Y;) = 3 P(X.)P(Ys|X.), ¥ b € A The W€ know that a transmitter modification will change the
channel capacity isagiCen by maximizing the mutual informz?—ignal constellation significantly, which means that tharstel
tion betweenX andY with respect to the input probability (Y Xa). ¥ a.b € A is not independent oP(X.) in the studied

distr_ibgtion, i'e'g = maxp(x,) I(X? Y)’ WhereP(Xa) is the channel. The convexity of mutual information proved in [§5,31 ] is for
a-priori probabilities. the case thaP(X,) and P(Y;|X,) are independent.
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— e - Uniform P(Xa), original TX-B

0.8 / Uniform P(X ), modified TX-B ||

0.6 . : L L . . : VI. SYSTEM MODIFICATION AND RESULTS
0 2 4 6 8 10 12 14 16

B,/ N, [dB] The previous section demonstrates the channel capacity
improvement with the transmitter modification and shows tha
the effect of the input distribution on the capacity can be
ignored. In this section, with a uniform distributed inptite
transmitter modification is evaluated in terms of SER and BER
performances for systems using TX-A and TX-B. Note that
this modification requires no hardware add-on and the system

Fig. 12. Mutual information with different input distriioh for systems
using original and modified TX-B .

TABLE |
COEFFICIENTS OF TRANSMITTER MAPPING UNIT

T /No | 1 3 5 = 5 T 3 5 complexity is not increased.
[dB] In (13), the modified transmitted signal for a system using
A 105 105 106 106 106 106 106 107 TX-B is given. For a system using TX-A, the transmitted
w 1.05 1.05 105 1.05 1.05 105 105 105 signal is modified as
fa(t) =n-sin T Z (Aanp(t —nT)) | 1% X #onp(t=—nT)
transition probabilities will be changed accordingly atne t 24

channel mutual information will undoubtedly be affected. o _ (14)
Here, a similar transmitter modification as in [1] is applfed Ag@in, z andA can be found by maximizing mutual informa-

a system using TX-B. The aim of this modification is to chand" I(X, Y). _ . .
signal constellations by modifying the transmitted sigiie To illustrate the change in the signal constellation, we plo

transmitted signal in (2) is modified as the signal constellation for a system using a modified TX-B
in Fig. 13. A comparison with Fig. 7 shows that the modified
fe(t)=n- et S (Aap +pubn )p(t—nT) (13) signal constellation is much more symmetric. In particular

the clouds of symbol 11 are less dislocated, which will give
where the two coefficients of the transmitter mapping unig better SER performance and consequently a better overall
A and y, together with thea-priori probabilites P(X,) are system BER performance.
the parameters that need to be optimized with respect tdn Figures 14 and 15, the simulated SER performance for
maximizing the channel mutual information. Again, we usseystems using modified TX-A and TX-B are compared with
MATLAB function fminsearch to obtain the optimun), ; and the systems using the original transmitters, respecti&ce
P(X,), and with that the local maximur( X, Y") is obtained. the system with TX-B has a more asymmetric signal constel-
By trying different initial P(X,) and reasonabl& andy, the lation, the modification, which gives a much more symmetric
same search results indicate that the local maximum olatairsiggnal constellation, achieves a greater improvement than
is the global maximum, and is the capacity. In Table I, thgystem using TX-A. It should be noted that although the
optimum coefficients\ and ;. are listed for different SNRs optimum A\ and p vary with the SNR as shown in Table |,
when the system uses TX-B. To compare with the systefior convenience we use the sarhendy for all SNRs in the
using original transmitter, we plot the optimuf(X,) and simulations, which implies that the improvement can be even
the channel mutual information for systems using modifiegteater if the optimurm\ and ;. are applied.
TX-B also in Figures 11 and 12, respectively. The capacity Fig. 16 shows the BER improvements with the modified
improvement with the modified TX-B is about 0.9 dB at aystems. For systems using TX-A, this improvement is about
target of 1.9 bits/channel use, while it becomes greatemwhg dB at a BER target of0~¢ and the curve trend shows that
the targeting capacity is close to 2 bits/channel use. Agamhigher gain can be achieved at a lower BER. For the system
the difference between two channel mutual information farsing TX-B, the improvement is more than 3 dB at a BER
systems using a modified TX-B is negligible, which indicatesf 10~¢, and we believe that it will be even greater if the
that the effects of input distribution on the channel mutugrgeting BER is set at0—?, the commonly required BER for
information can be ignored. fiber-optic systems.



VII. DiscussiON ANDCONCLUSIONS

In this paper, we present a novel and unique property of
a differential QPSK fiber-optic system, i.e., the four DQPSK
symbols have significantly different performances. We fbun
by analysis and numerical simulations that the performance
) difference is about 2 dB and 4 dB targeting at a symbol error
rate of 10~% when using phase modulator based transmitters,

o
& 107 Original TX-A i TX-A and TX-B in this paper, respectively. This unequal
- — - Modified TX-A SER phenomenon has its source in the combined ISl of the
10°¢ ©  Symbol 01 A electro-optic modulator used in the transmitter and the- low
*  Symbol 10 ) . . . . . . .
5 Symbol 11 pass filtering used in the receiver. This combined ISI is uaiq
10° < Symbol 00 1 for fiber-optic channels due to the imperfect transmitterd a
receivers and the practical difficulty of using a matcheeffilt
10’74 . . 5 > " " This ISI causes an unequal bit error rate in a coherent QPSK

E,/ N, [dB] system [1], but only causes symbol error rates different in
a DQPSK system with the average BER of the two symbol
Fig. 14. Comparison of the simulated SERs for systems usingrginal  bitS remaining the same. Since most experimental DQPSK
and a modified TX-AA = 1.04, p = 1.06. studies use only a single differential detector, detecbng
guadrature at a time, the SER is seldom discussed and the
unequal SER phenomenon has been unnoticed. By using the
developed system model in this paper, the symbol error rates
are derived for the first time. The unequal SER phenomenon
is reported and explained.
Based on the analytic channel model, we compute the
channel mutual information and propose two modifications to
improve it. The more efficient alternative is to modify the

10°
107

107

107

x configuration of the transmitter, which requires no harawar
@ ol — Original TX-B | add-on and thus no increase on the system complexity. This
- — — Modified TX-B | transmitter modification improves the system capacity by up
10°F 0 Symbol 11 4 to 0.9 dB when using TX-B. With this proposed modification,
; 3222: o the system performance in terms of BER is improved by 1 dB
10°} 4 Symbol 00 : and 3 dB respectively at a target dd—% when using TX-A
and TX-B, and this improvement will be even greater when the
O T e 15 a0 target BER is set at0—?, the common required BER for fiber-
E,/ N, [dB] optic systems. The results in this paper also emphasize the

importance of considering not only the constellation daagr

Fig. 15. Comparison of the simulated SERs for systems usingrginal  of the system, but also the paths between the symbols, to

and a modified TX-BX = 1.06, . = 1.05. properly account for the ISI. We hope that this finding will
be valuable when designing multilevel differential syssetm
particular, we believe that special attention should bel pai

‘ = Original TX-B the unequal symbol performance in the code design for coded

- B - Modified TX-B|4 systems.
—*— Original TX-A
— * — Modified TX-A

10
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