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ABSTRACT

In this paper, we provide an accurate analysis of the performance of coherent dense wavelength-
division multiple-access (WDMA) schemes introduced for use in high-capacity optical networks. In
our analysis, the effects of interference from other signals due to the frequency overlap caused by the
instability of the carrier frequency of laser, or to mistakes in frequency coordination and assignment,
are taken into account. Phase noise and thermal noise are also taken into consideration. Dense
WDMA is then coupled with spread-spectrum direct-sequence modulation in order to mitigate the
effect of interference from other signals. The performance of this hybrid of WDMA and code-
division multiple-access (CDMA) scheme is also analyzed and compared to that of pure WDMA.

The average bit error probability of dense WDMA and WDMA/CDMA schemes is evaluated
by integrating the characteristic function of other-user interference at the output of the matched
optical filter. Gaussian approximation techniques are also employed. Time-synchronous and as
asynchronous systems are analyzed in this context. Binary phase-shift-keying (BPSK) data modu-
lation is considered. Our analysis quantifies accurately for first time the multiple-access capability
of dense WDMA schemes and the advantages offered by employing hybrids of WDMA and CDMA.

This research was supported in part by the Office of Naval Research under contract N0O0014-
89-J-1375 and in part by the Systems Research Center at the University of Maryland, College
Park, through the National Science Foundation’s Engineering Research Centers Program, NSF
CDR 8803012.






1. Introduction

This paper is motivated by the recent work of [1], where a new multiplexing scheme based
on combination of dense wavelength-division multiple-access (WDMA) and code-division multiple-
access (CDMA) schemes was introduced for use in high-capacity optical networks. According to
this scheme, coherent optical techniques are employed to exploit the huge bandwidth (tens of
thousands of GHz) of single-mode optical fibers through the use of dense WDMA. The carrier
wavelengths employed by WDMA are placed relatively close to each other in order to maximize

the number of distinct broadband channels (each may be 1 GHz or less) that can be accommodated.

Dense WDMA systems suffer from interference from other signals (termed other-user inter-
ference) due to the frequency overlap caused by the inherent instability of the carrier frequency
of laser, or to mistakes in the frequency coordination and assignment. This interference can be
mitigated with proper filtering, adequate separation between the laser frequency carriers, or the
use of CDMA. In particular, spread-spectrum direct-sequence modulation was proposed in [1] as

a means of mitigating interference from other signals due to such frequency overlap.

The work of [1] was preceded by that of [2] which introduced and analyzed random-carrier (RC)
CDMA schemes, according to which the optical multiple-access system (assumed to place randomly
the modulated carriers in the available optical band) is coupled with CDMA. For the purpose of
simplifying the analysis, several assumptions were made in [2] about the noise environment (for
example, no thermal noise or phase noise were included) and about the key parameters of the
system (such as the spreading gain and the number of interfering users), which were assumed
infinitely large, so that limiting theorems (e.g., the Central Limit Theorem or CLT) could be
used. Furthermore, the accuracy of the approximations used was not justified for the range of the
parameters of interest. Most of the assumptions of [2] were relaxed in our own work of [3], where
an exact evaluation of the performance of the RC CDMA scheme was conducted without making

any of the approximations and limiting assumptions made in [2].

More specifically, the assumptions made in [2] and relaxed in [3] were: (i) the number of
interfering users was taken to be infinite; (ii) the number of chips per bit (spreading gain) of the
spread-spectrum modulation was assumed to be very large so that the CLT could be used; (iii)
the error probability was not directly evaluated and the outage probability was calculated in terms
of the signal-to-noise ratio, which required the signals at the output of the optical matched filter
to be Gaussian in order to be valid; (iv) the time delays of the various (possibly asynchronous)

users did not enter in the evaluation of the performance; and (iv) the effects of the phase noise and
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thermal noise on the system performance were not taken into account, which included not only the
effects of phase noise on single-user performance, but also the effects of phase noise on the CDMA

system performance caused by its effect on the interference terms due to other users.

Relaxing the above assumptions for the system of [2], and in particular assumptions (i) an (ii),
was especially important for enabling the use of the techniques of [3] in evaluating the performance
of WDMA and hybrid WDMA/CDMA schemes. Specifically, in the WDMA/CDMA applications
the spreading gain is not very large, because the bandwidth is used more efficiently by the WDMA
and only a relatively small part of it is dedicated to CDMA, in order to achieve desirable interference
mitigation. Also, for pure WDMA schemes, the number of interfering users is not large, because

only a small to moderate number of users occupying adjacent frequency bands cause interference.

The contribution of the current paper is twofold: First, it analyzes dense WDMA systems
and evaluates their performance in terms of average error probability and the number of users
supported by a specific bandwidth; specifically, it provides an accurate analysis of the performance
of coherent WDMA schemes. In our analysis, the effects of interference from other signals due to
frequency overlap are taken into account accurately and so are phase and thermal noise. Second,
this paper evaluates the performance of hybrid WDMA/CDMA schemes and compares them to
pure WDMA systems of the same bandwidth. Dense WDMA is then coupled with spread-spectrum

direct-sequence modulation in order to mitigate the effect of interference from other signals.

The transmitter/receiver model of the hybrid WDMA/CDMA system is the one provided in
[1]. The analysis is based on techniques used in [3]. The average bit error probability of a typical
receiver for the dense WDMA and WDMA/CDMA schemes is evaluated by integrating the char-
acteristic function of other-user interference at the output of the matched optical filter. Gaussian
approximation techniques are also employed. Time-synchronous, as well as asynchronous systems,

are analyzed in this context. Binary phase-shift-keying (BPSK) data modulation is considered.

2. Model

K high data rate users share a common optical channel in a multi-access fashion. These users are
equally spaced in an optical bandwidth as big as W = 107T'H z (see Fig. 1). Due to the frequency
instabilities of lasers, each carrier frequency wanders around its designated frequency as much as

Wy = 500G H z. The transmitted optical signal is S(¢), which is a complex signal, is
K .
S(t) = Y- VP buult = )t = T Jeem (7m0 0 (2.1)
m=1}
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where associated parameters are as follows:
e P is the transmitted signal power of each user

o b,,() is the data stream of the m-th user given by

bty = S BIp(t = )

N=—=00

where b7 denotes the n-th bit of the m-th user and b%m)e{—l, 1} for BPSK modulation. p(t)
is a pulse of unit amplitude in [0, T].

e a,,(t)is the m-th addressing function or signature sequence stream for the hybrid WDMA/CDMA §
that is,

am(t) = elom(t) = i eme h(t — nT,)
where h(t) is a pulse of unit amnplitude in (0,7}, T = % the chip duration, and N the number
of chips per bit. ¢,,, is a phase taking values in [~m.x]. For pure WDMA, a,,(?) is equal to
the one in (2.1).
® w,, is the carrier on which the m-th signal is sent. This value is uniformly distributed in a
bandwidth of length W (see Fig. 1).
e 0,,(t) is the phase noise associated with the m*" transmitter laser, which is a Brownian motion
process with Lorentzian bandwidth . The mean of this process is zero and the variance is
27 3t.
¢ 7, is the m-th time delay which is a uniform random variable distributed in [0, T]. For the
synchronous system, this time delay is zero.
At the k-th receiver, the optical signal S(t) is first despread by aj(t) (only for hybrid WDMA/CDMA) }}
which is the complex conjugate of ax(¢) , and then homodyne-detected for the transmitted signal

from user £ (see Fig. 2). The output of the photodetector is
!
(1) = VB B0 1+ 37 VB b el i1 0 4 () (22

where

4 KX
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wm

Wy — Wi
Af{1) é Ok(t) - 6L(t)

Ab(t) £ 0 (t) — 01(2)

where 0(t) is the phase noise of the local laser and n(¢) the complex AWGN process with double-
sided spectral density %‘1 . The term ¢,,(t) — ¢x(t) in (2.2) is not present for the WDMA case.
The receiver used is a correlation receiver, which is optimum for the single user case with no phase

noise (see Fig. 3). The real part of the output of the integrator is
Y= (0 X+ 140) VP (2.3)

! . . . . .
where I = ). I, and I, is the mth user interference. 7 is a zero mean Gaussian random variable
of variance No/2PT and X is

X= %/OT cos [AGy(t)] dt (2.4)

The performance of this suboptimum receiver in the presense of phase noise and AWGN is obtained
for WDMA and hybrid WDMA/CDMA by evaluating the characteristic function of multiuser
interference.

3. WDMA

In this section, the performance of synchronous and asynchronous WDMA in terms of average

probability of bit error is evaluated. The average probability of error is obtained as [.]

: o0 sin(uX .
P.=Q (XM 2/5?) + %/0 (1—®r(un)) @n(u)-—(u—)-du (3.1)

where
No g )
4PT

@,(u) = exp(~

and ®r(u) is the characteristic functions of I. The overlines denote the expectation with respect
to the random variable X. The pdf of this random variable was obtained through the importance
sampling simulation for different values of ST in [.]. The function @Q(-) in (3.1) is related to the
standard normal distribution as follows:
, 1
Qla) = v

4
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(3.1) is derived under the assumption that [ and X are independent. In the cases considered, this

assumption is satisfied.

1) No phase noise

First we consider that no phase noise is present (7 = 0); then (3.1) is valid when X = 1. Tor the

synchronous case, I, is

(m) T
Iy = ?QT—— cos(w!, t)dt = bgm)sinc(w;nT). (3.2)
0

The characteristic function of I is defined as

8i(u) = B[] = [ 2n ], (3.3)

Since {I,,} are independent, it is reduced to

!

1]
(I)[('U,) — H E I:ezulm] — H E I:eiubgm)sinc(w:nT)] . (34)

m

Since bgm) equally likely belongs to {—1,1}, then

Pr(u) = H E [cos(u sinc(w,, T))]. (3.5)

For the asynchronous case, I, is

T
I, = -1—/ b (t = Ty ) cOS(wh,t — Wi, T )t (3.6)
T Jo
or
I, = b(_"ll)rz—?-smc(w;nrm) + bgm)(l - TTm)sinc(win(T - Tm))- (3.7)

Following the same procedure as in the synchronous case, the characteristic function of I turns out

to be

Or(u) = H E {cos [u%:—lsinc(winrm)] cosfu(l — LT"i)sz'nc(w;n(T - Tm))]} . (3.8)

m

il) Phase noise only for intended receiver



In this case, we assume that the phase noise is not present in other-user interference and that only
the intended receiver suffers from phase noise. Average probability of bit error is obtained from
(3.1), where X is no longer one. The characteristic function of the other-user interference Pr(u)is

the same as in (3.5) and (3.8).

4) Hybrid WDMA /CDMA

The average probability of error is obtained as in (3.1). In order to find the multiuser characteristic

function we need to know the other-user interference I,,,, which is

T
I, = i/ brn(t — T ) cOS (Wt — Wi T + G (t — Tim) — Gi(t — T ) + A, (1)] dt. (4.1)
T Jo

For the synchronous case, 7, is zero in (4.1). Let us partition this integral into N subintervals of
length T, such that T,N = T and assume that in each subinterval the naise term Af,,(t) remains

constant. In other words,
Abp(t) = M (nT) 2 0 for (n— 1T, < t < nT, (4.2)

where 8,,,, is a zero-mean Gaussian random variable of variance 47 3nT,. Then, for the synchronous

system, I, is

bgm) . wih Te N
I, = —ysine < 5 ) nz—:l cos( Xomn) (4.3)
where
Xinn =< $mn = Pkn + Omn + wip (0~ 1/2)T2 > (4.4)
For the asynchronous system, I, is (see [3])
1 ¢ + ot + - 0= -
I, = 7\7 [emnam cos an + emn @ COS an] (45)
n=1
where
N Win T
af = since (4.6)
/ ' (T. — !
an B (1= %@)sinc [f-"l(——g—”—l-)] (4.7)
emn = o 1,6, +1)(n) + by™ - e, +2,5(7) (4.8)
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- A m ,
em, =0 ey (n) + bé . Yen+1,m(7) (4.9)
A (] 1<n<y 4
1y aln) = == 4.10
(i (7) {0 other ( )
A wh 7! :
Xt =<l (n- DT, + m2 o Wl T+ Pm(ne1) — Pk O > (4.11)
! !
Xo. B<uwl (n—1/2)T, + “’"f;’” — & T+ G — DR+ Oy > (4.12)
and
T = b T + 70 (4.13)

where 7/, is uniformly distributed in [0,7.] and ¢, is equally likely in {0,1,...,N — 1}. In (4.4),
(4.11), and (4.12), < - > represents [-] mod.27 .

We adopt two approaches for obtaining the multiuser characteristic function. According to the
first approach, it is assumed that the carrier frequencies are uniformly distributed in a bandwidth
of W1. The phase signature sequences are uniformly distributed in the set of equally spaced phases
{0,2x /M, ...,(M — 1)2x/M}, where } is the number of points in this set. This means that the
phase signature sequence is modulated by an M-ary phase shift keying scheme with M = 2 being
the most commonly used BPSK case.

According to the second approach, it is assumed that the phase signature sequences are continuous
and uniformly distributed in [—7,w]. This approximates the case in which the number of levels M
is large. In that case, the choice of the carrier frequencies distributions is arbitrary.

As will be shown below, the two approaches not only correspond to two different sets of assumptions
that can be useful under various system conditions, but also are necessary for validating the use of
the characteristic-function method and for the evaluation of the characteristic function of other-user

interference.

1.Assumption of Uniform Carriers

We begin with the synchronous scheme. The following two lemmas are useful in our analysis (see
(3] for proof).
¢ Lemma 1
Let X be a random variable uniformly distributed in the bandwidth [0, W]. Let Y =< X >.
Then, the distribution of ¥ approaches a uniform distribution in [0, 27] as W — co.

o Lemma 2



Let the sequence {¢, }, bei.i.d. and uniform in [0,27] and let the sequence {\,}, be arbitrary.
Assume that these two sequences are independent for all n. Then the sequence {X,}, defined
as’

X, =<+ >
is i.i.d. and uniform in [0, 2x].

Let Xy, in (4.4) be

Xmn =< /an + Ymn > (414)

where
;8777,7), - w;—n(n - 1/2)Tc (415)
Tmn = Smn — Pkn + Omn. (416)

{w!,} is assumed to be independent and uniformly distributed in a bandwidth W1 as large as 500
GHz. Therefore, {3}, for fixed n, are independent and uniformly distributed in a bandwidth of
(n—1/2)W1/(RN), where R is the data rate. For typical values of R and N, this value is still very
large and according to the Lemma 1, we ought to consider {< fBnr >} as i.i.d. random variables
uniformly distributed in [0,27]. Consequently, Lemma 2 asserts that {Xp,} in (4.14) are i.i.d.

with respect to m and uniformly distributed in [0, 27]. Therefore,

! Coeim T N v
<I>1(u):HE g sine( = ) 2y €08(Xmn) . (4.17)

n

Conditioned on w, in (4.17), it is easy to show that the sequence {cos X;,n} has zero-mean and
zero correlation. Therefore, this sequence is a p- mixing one with p(n) = 0 (see [4] and [5]). We

want to apply the CLT to the sequence {cos X,., }n- To achieve that we state a theorem from [5].

e Theorem
Let {X,} be a second order stationary, centered, and p-mixing sequence; let o2 — oo and

>, p(2%) < 00. Then {s,/0,} satisfies the CLT, where s, = Sr X and o = Var(sy).

1=

The variance of the sequence {cos X,;,}, turns out to be

2
Umn_

Since 20,,, is a zero-mean Gaussian random variable of variance 16w GnT¢, it is easy to show that

+ 3 coswl, (2n — 1)Te} E{cos(20n)}, M =2

M >2 (4.18)

?

WOt o [

the expectation in (4.18) is exp(—87pnT.). Hence,

2 (4.19)

s [ 2+ Lcosfwl,(2n — )T Jexp(—8mfnT,), M =2
Tmn =1 L M>2



Apparently, all conditions of the theorem are satisfied for A7 > 2. But, for M = 2, the sequence is

N
not second-order stationary. The variance of the term % > cos(Xmn) is
n=1

L+ 55800 cos[w], (2n — 1)T,] exp(~874nT,), M =2

1
T = {%’ M>2 (420)
It is easy to show that
1 1
1\}im szzl cos{w! (2n — )T, exp(=87fAnT.) = / cos(2w! T)exp(—8rfTt)dt
—_ OO0 0
which is easy to compute. Therefore. as N — oo, (4.20) converges to
o2 = 17 + 2(a‘-:tb'~m) (b sin(byy) — acos(by,))exp(~a) +a], M =2 (4.21)
m %, M > 2

where @ = 8787 and b,, = 2w/ T. This limit is positive (non zero) for almost all values of w/,.
Despite the fact that, for A/ = 2. the condition of stationarity required by the theorem is not

. . N 2
satisfied, we have shown that, for almost any given w!,, the sequence {& >.,_; 0%,} converges
e o . . oo N :
to a positive limit. This also satisfies the condition Y. _, o2, — o0, as N — oo, stated in the

theorem. We may thus proceed under the assumption that the CLT holds. Then, for large N, the
N
term ﬁ > cos(X ) in (4.17) can be replaced by ¢ , where (,, is a Gaussian random variable

n=1

. 2 I m ~
of zero mean and variance o;,. Conditioned on b(() ) and w!., (4.17) becomes

ezuﬁﬂnc("m}—)Cm . (422)

& (u) =[]

Eyomr 1 {E

The inner expectation in (4.22) is the characteristic function of a Gaussian random variable. There-

fore,
! —uzgi(sinc(#))go;
er(w)=J] |Eqe (4.23)

m

where the expectation is with respect to bgm) and w!,. For BPSK, b(om)e{—l, 1} and consequently,

we obtain

Or(u) = H exp {-—-;;7 <Sinc(wi’;Tc ))-ng} . (4.24)

m



The derivation for the asynchronous counterpart of (4.24) requires more work, although the same

argument applies. The final result, which is mostly obtained in [3] for the random-carrier case, is

’ N )
Qr(u) = H [-%7 Z P (u;m, n)} (4.25)
n=1

m

where
®(usm,n) = En B [e%gz] (4.26)
R (G (4.27)
) 3+ '3((1"1{*11,'") [(brnsin(bn(l = &) —wh,7h) — acos(bp(l — &) — wh,Th,)) exp(—a)
Om = +acos(Fbm + @l Th) + b sin( b + wi), 70, )] M=2
1 M >2
(4.28)

2.Assumption of Uniform Phase Signature Sequence

For the case in which the signature sequence phases are uniformly distributed in a set of equally
spaced discrete levels, if the number of levels in the set is reasonably large, this discrete uniform
distribution is approximated with a continuous uniform phase in [0,27] . Let us express the

characteristic function of the interference I as

bi(u) = By Ep B[] (4.29)
where I, is given by (4.3) for the synchronous case. E+ is the expectation with respect to the
N(K — 1) dimensional vector in {Xm,} . Ep is the expectation with respect to the A —1
dimensional vector in {b(()m) }. Finally, E— is the expectation with respect to the K —1 dimensional
vector w’ = (w},...,wh). Since {én,} in (4.4) are i.i.d. and uniformly distributed in [0, 2x] for

all m and n , {X,,,} are also L.i.d. and uniform in [0, 27], for all m and n, as shown in Lemma 2.

Therefore,

ei-‘;‘Tbgm)sin c(ﬂﬂ—?—) cos(an):| }} . (4.30)

!

We use the identity

[eiucos(an)] — QL/ eiucosa: .dr =
T Jor

; /2
= —2—/ cos (ucosz)dz = Jo(u) (4.31)
T Jo

10



where Jo(-) is the Bessel function of the first kind. By using (4.31), the inner expectation in

(4.30) becomes Jy (bgm) - f -sinc <W"’F2T">), which is independent of n. Also, by using the fact

that Jo(a) = Jo(—a), we obtain that

el p ) e

Finally,

S ey R

where the overline is the expectation with respect to the w/,.

Similarly, the asynchronous counterpart of (4.33) is [3]

. ’ woTh o fwhT w o N o wn (Te=T1h) N
Qr(u) = H { [JO (j\/_ . -T—C-bmc [—2——~}> Jo (I_V— (l - Tc) sine [ 5 ])] (4.34)

m

where the expectation in (4.34) is with respect to w/, and 7),.

5. Conclusion

In Fig. 4, the single user BER which is a decreasing function of SNR is illustrated. The
considerable degradation of performance due to phase noise is clear. Fig. 5 depicts only the
multiuser portion of BER (P,,,) for WDMA, where the case of K = 101 users of rate 10 Mbps
is considered. The synchronous and asynchronous systems differ slightly. This and the results in
[3] assert that synchronization does not provide any substantial enhancement in performance and
the deterioration of P,,, due to phase noise is negligible. Fig. 6 compares the two methods in
obtaining hybrid performance. The results are very close, which indicates the validity of the CLT
in the first method. Also, notice that, for M > 2 and M = 2, the results are almost identical.
Fig. 7 compares WDMA and hybrid WDMA/CDMA for K = 2001 users of rate 10 Mbps. At
a higher SNR, which is the region of practical interest, the hybrid scheme performs considerably
better. Finally, Fig. 8 compares these two schemes in terms of the total BER for K = 2001 users.
At a lower SNR, the single user portion of error is dominating and thus both schemes are the
same; however, at a higher SNR, the superiority of the hybrid scheme is apparent. This result, in
addition to the protection mechanism of the CDMA in case of frequency overlaps, establishes the

hybrid WDMA /CDMA as a viable alternative to pure WDMA.
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Fig. 7. Comparison of WDMA and hybrid WDMA/CDMA (synchronous)
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Fig. 8. Comparison of WDMA and hybrid WDMA/CDMA (synchronous)



