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ASK Multiport Optical Homodyne Receivers

LEONID G. KAZOVSKY, seNiorR MEMBER, IEEE, PETER MEISSNER, anp ERWIN PATZAK

Abstract—Several types of ASK multiport ‘hompdyne receivers are
investigated, and the impact of the phase noise and of the shot noise
on these receivers is analyzed. The simplest structure is the conven-
tional multiport receiver with a matched filter in each branch. This
structure can tolerate ArT (Avp is the laser linewidth and 7 is the bit
duration) of several percent with a small power penalty (3.6 percent
for 1-dB penalty and 5.2 percent for 2-dB penalty). Optimization of
branch filters of conventional multiport receivers does not help when
the linewidth (and the penalty) is small but does improve the receiver
performance for larger linewidths. The most important point of the
paper is the novel wide-band filter-rectifier—narrow-band filter
(WIRNA) structure, proposed and investigated here for the first time
for optical communication systems. It is shown that the optimized
WIRNA homodyne receivers are extremely robust with respect to the
phase noise: the WIRNA tolerable value of A»T is 3.6 percent for 1-dB
penalty and more than 50 percent for 2-dB penalty. Thus, the WIRNA
structure opens, for the first time, the possibility of constructing ho-
modyne receivers operating at several hundred megabits per second
with conventional DFB lasers without complicated external cavities.
Under no-phase-noise conditions, all the multiport receivers investi-
gated here have the same performance, which is identical to that of
heterodyne ASK receivers. In addition, the optimized WIRNA receiv-
ers can tolerate (approximately) the same laser linewidth as the het-
erodyne ASK receivers. Thus, the main difference between the WIRNA
multiport homodyne and heterodyne receivers is that the former shifts
the processing to a lower frequency range, in return for a more com-
plicated implementation, This difference makes the WIRNA multiport
homodyne receivers particularly attractive at high (say, several gigabit
per second) bit rates.

I. INTRODUCTION

NTENSIVE research in coherent optical communica-

tions [1]-[10] showed that the coherent detection may
offer several important advantages with respect to the con-
ventional combination intensity modulation/direct detec-
tion (IM/DD). These advantages include improved re-
ceiver sensitivity, greatly enhanced frequency selectivity,
conveniently tunable optical teceivers, and the possibility
of using alternative modulation formats (FSK and/or
PSK). With the present day trend toward higher bit rates
(R,), coherent receivers operating at several hundred
megabit—or several gigabit—per second appear to be par-
ticularly attractive. A designer of a heterodyne receiver
faces several difficult problems at high bit rates. First,
extremely large bandwidth optical detectors are required
since the IF frequency is typically (but not always) equal
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to 3-5 times the bit rate R,. Second, semiconductor lasers
frequently exhibit a peak in both amplitude- and phase-
noise spectra located at a frequency of several (1-10)
GHz. If the IF spectrum happens to overlap this noise
peak, then the system performance can deteriorate; to the
best of the authors’ knowledge this effect has not been
investigated until now. Homodyne receivers can, in prin-
ciple, alleviate both problems since they only require the
baseband bandwidth. Unfortunately, a conventional syn-
chronous homodyne receiver requires phase-locking be-
tween the transmitter and the LO laser. The phase-locking
is difficult to achieve, and leads to extremely stringent
requirements on the laser linewidth (around 3 x 10
times Ry, see [7], [8]). _

Thus, an asynchronous homodyne receiver, i.e., a
homodyne receiver without phase-locking, appears to be
desirable. The difference between a synchronous and an
asynchronous homodyne receiver can be explained as fol-
lows. The signal current produced by a photodetector of
a homodyne receiver is equal to B, cos ¢, where B, is the
signal amplitude and ¢ is the random phase. With the ASK
modulation format, the information is carried by the value
of B,; a receiver produces an estimate of B,—say B,—and
compares it with a threshold. Different receivers use dif-
ferent techniques to evaluate B,. A synchronous receiver
attempts to keep ¢ close to zero; if ¢ << 1, then the
signal current is a close estimate of B,. This approach has
the highest possible sensitivity. Unfortunately, the cir-
cuitry needed to keep ¢ << 1 imposes extremely strin-
gent requirements on the laser linewidth [8], [9]. An
asynchronous receiver makes no attempt to maintain ¢
<< 1 via phase-locking. Instead, it uses several detectors
with a fixed phase shift between them. Receivers of this
type are referred to as multiport receivers [11]-[13]. For
example, a three-port receiver uses three detectors with
the output signal currents equal to B, cos ¢, B, cos (¢ +
120°), and B, cos (¢ + 240°), respectively. Simple trig-
onometry shows that if these currents are squared and then
added together, then the result is equal to 1.5B2, irre-
spectively of the value of ¢. Thus, B, can be evaluated
without phase locking. Since the multiport asynchronous
receiver does not use phase locking, it is extremely tol-
erant to phase noise (see Section VII). As a result, laser
linewidth requirements of a multiport homodyne receiver
are greatly relaxed as compared to those of a synchronous
homodyne receiver (see Section VIII). Thus, the multi-
port receivers seem to offer the best of both worlds—they
use only a baseband part of the frequency spectrum, but
do not require phase locking. These advantages are
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achieved at the expense of receiver sensitivity (see Sec-

tion VII). The tolerance of the multiport asynchronous re-

ceivers to phase noise/wide laser linewidth is achieved by
means of wide-band filter-rectifier-narrow-band filter
(WIRNA) processing discussed and investigated in Sec-
tion VI-C of this paper." WIRNA processing can be also
applied to conventional heterodyne ASK receivers using
quadrature demodulators rather than envelope detection.
The most important advantage of the WIRNA structure is
that it suppresses the BER floor caused by laser phase
noise. In a practical fiber communication system using an
ASK modulation format and DFB lasers, the elevated er-
ror rate floor due to phase noise would preclude the at-
tainment of satisfactory link BER values in a chain of re-
generative repeaters. With the error rate floor present, no
decrease in regenerator spacing (i.e., increase in received
optical power) would permit operation at the desired BER
levels. Thus, suppression of the BER floor is the major
advantage of WIRNA receivers.

Initial experiments with multiport homodyne receivers
were recently reported [11]1-[131, [28], [29]. At the same
time, the theory of these receivers seems to be lagging
behind experimental research: to the best of the authors’
knowledge, the performance of the multiport optical ho-
modyne receivers operating under both shot—and phase-
noise conditions has never been studied, and laser line-
width requirements for these receivers have not been es-
tablished. This paper is aimed to address the foregoing
problems. Our analysis of ASK multiport homodyne re-
ceivers indicates that both their sensitivity and laser
linewidth requirements are similar to those of heterodyne
ASK receivers with noncoherent (envelope) postdetection
processing. Since the multiport approach eliminates the
[F part of the receiver, multiport receivers seem to offer
an important advantage for high bit rate systems, at the
expense of a more complicated signal processing.

The rest of this paper is organized as follows. The re-
ceiver description and the problem statement are con-
tained in Section II. Section III deals with the basic re-
ceiver equations, while Section IV is devoted to the
system noises and their properties. Performance of the
ASK multiport homodyne receiver is investigated in Sec-
tion V and optimized in Section VI. In Section VII, the
results obtained in the first six sections are discussed, with
the aim to provide system implications and an intuitive
insight into receiver operation. In Section VIII, laser

linewidth requirements are derived. Finally, Section IX |

contains the conclusions of this paper, while the appen-
dices contain the necessary auxiliary material. The anal-
ysis is conducted for a multiport receiver with an arbitrary
number of ports.

II. RECEIVER DESCRIPTION AND PROBLEM STATEMENT

Fig. 1 shows a block diagram of a multiport homodyne
receiver, and indicates the notation. The received ASK

"The only structural difference between the WIRNA multiport receivers
and the conventional multiport receivers is an additional low-pass filter
needed for WIRNA processing.

L
optical signal has the complex amplitude E;:
E(1) = dP, exp (jo, (1)),
fort e [IT, (1+1)7]. units: W'/2
(1)

where d is the data being transmitted (d is either zero or
one), P; is the peak received power, ¢, is the phase noise
of the laser transmitter, / is the number of the bit being
transmitted, and 7 is the bit duration. In this paper, we
are not interested in the intersymbol interference (the in-
tersymbol interference has been treated in depth in many
excellent texts: [17], [19], etc.). Thus, we assume that
E(t) =0, fortg[IT,(1+1)T].

In practice, the impact of the intersymbol interference can
be minimized (in theory, eliminated) with certain types of
filters. For example, finite impulse response (FIR) filters
with the time constant smaller than or equal to T, and/or
raised cosine filters eliminate, in principle, the intersym-
bol interference completely.

The LO laser has the complex amplitude E|q:

Epoft) = VPio exp (Joro(1)) (2)

where P;o and ¢, are the local oscillator power and
phase, respectively. The LO laser frequency is tuned to
the frequency of the received signal by means of an AFC
loop using temperature and/or current and/or piezoelec-
tric laser mirror [28] control. As usual in coherent sys-
tems, an AFC should provide a good frequency control of
the center frequency of the LO. By this means, the slow
frequency wandering due to the 1/ f component of the
phase noise can be minimized.? The phases of the LO and
the received signal are assumed to be independent. The
signals E; and E; g are processed by the multiport optical
network with two inputs and X outputs. The complex am-
plitude at the kth output of the multiport is

E(1) = [Es(t) exp (ﬁf %) + ELO(‘)]/JE,

k=1,2,-+,K (3)
where K is the number of the output ports. Practically, K
is likely to be small (3 or 4); our analysis applies for any
value of K. Note that K = 2 leads to 180° phase shift
between the output ports; it is easy to show that the re-
sulting receiver does not eliminate phase noise, and has
very poor performance. However, a two-port receiver (K
= 2) can be used if the phase shift between the output

It has been shown experimentally [28], [29] that the frequency control
is not critical with multiport receivers: no measurable performance degra-
dation has been observed when the local oscillator laser was detuned by
frequency offset from the received signal, with the frequency offset being
as large as 50 percent of the bit rate [29], [30]. The authors of [29], [30]
indicate that the receiver filters were optimized experimentally.
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Fig. 1. A block-diagram of a (conventional) multiport homodyne receiver.

ports is designed to be 90° instead of 180° as per expres-
sion (3); the resulting structure is referred to as the I-Q
receiver [29]. The performance of the I-Q receiver is in
principle the same as the performance of the multiport
receivers designed as per expression (3) and having,
therefore, larger number of ports. References [11]-[14]
discuss possible methods of implementing the multiport
networks satisfying (3), and present experimental multi-
port devices. Note that the complex amplitudes { E; } are
phase-shifted by 27 /K with respect to each other. The
signals { E, } are detected by K photodetectors. As a re-
sult, K photocurrents {i,} are produced:

i (1) = R]Ek(f)‘z + ng (1),
forte[IT, (I + 1)T], units: A (4)

where R [A/W] is the detectors’ responsivity, and n¢, (7)
~ is the current noise process of the kth detector due to the
shot noise, the dark current, and the thermal noise. Com-
bining expressions (1)-(4), we obtain

R R
fk(f) = EPLO + Ep\d +

R
K = P.!( PLO

2
- d cos (qb(z} + k%) + neg(t)  (5)
where ¢ (¢) is the total phase noise

(1) = &,(t) — dro(r), (6)

In (5), the first term is a dc current, and can be rejected
by coupling capacitors (see Fig. 1). Further, the power of
the second term is negligibly small with respect to the
power of the third term since P o >> P,. Hence, the volt-
ages { V. } (see Fig. 1) are

units: rad.

Vi(t) = A.d cos (;b(r) + kz—;) + (1),

units: V

(7)

where n, (t) = Rpng (#) is the voltage noise process, Ry
is the load resistance, and A, is the signal amplitude

As = ZRRL VPrPLO/K; {8]

The K voltages { V; } are processed by K low-pass filters
(LPF’s) and rectifiers (modeled by squarers). The result-
ing voltages { Vg } are added and sent to the threshold
comparator.

units: V.

The purpose of this paper is 1) to propose and investi-
gate a WIRNA signal-processing structure; 2) investigate
the performance of multiport receivers with both conven-
tional and WIRNA processing; 3) estimate the receiver
sensitivity penalty stemming from the phase noise, and 4)
establish laser linewidth requirements for multiport re-
ceivers.

III. Basic RECEIVER EQUATIONS
The output voltage of the kth LPF at the time ¢ is
Valt) = h(r) * Vi(1)
= A, dSp (1) + np(r),
T<st<(I+1)T (9)

where the asterisk (*) denotes convolution, A(?) is the
impulse response of the LPF, and ng.(-) and Sk () are
the filtered versions of the noise and of the signal, re-
spectively:

ng(t) = h(z) * n (1), T=t=<(I+1)T (10)
Sp(t) = h(t) * COS (qb(r) + k %),
IT=t=(l+1)T (11)

We note that the expressions (9)-(11) do not take into
account intersymbol interference. The output voltage of
the kth squarer is

Va(t) = Xi(2) + Yi(1) + Z(1) (12)
where
X, () = A}dSh(1) (13)
Yi(1) = nin(1) (14)
Zi(t) = 2A,dng(t) Spe(1). (15)

Finally, the output voltage at the adder output is the input

voltage of the threshold comparator:
Vi(t) = X(1) + Y(r) + Z(r) (16)

where

K K
X(1) = X X (1) = 43d 21 S(1) (17)
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K

K
Y(t) = kgl Ye(t) = Ell np(t) (18)

2() = 2 Z1) = 24,4 I, Su(t) nn(0). (19)

IV. SysteM NoISES AND THEIR PROPERTIES
A. The Phase Noise

The total phase noise ¢(t) is defined by (6). It has a
zero-mean Gaussian probability density function (PDF),
and its power spectral density (PSD) is given by the fol-
lowing expression (e.g., [1]):

So(f) = av/(nf?),

‘unjls. ra_dz
. " Hz
where Av is the FWHM linewidth at the ““IF’’, i.e.,

AV = APT -+ A'VLO

for0 < f < oo, (20)

(21)

where Avy and Av g are the linewidths of the transmitter
and local oscillator, respectively. The PSD shape (20) im-
plies the Lorentzian laser lineshape [1]. We note that even
though the Lorentzian lineshape has been observed ex-
perimentally [15], 55( f) may be different from (20) in
two respects [1]-[10]: first, the flicker noise at low fre-
quencies; and second, a peak at the relaxation frequency
of the laser—which is typically several gigahertz. The im-
pact of both phenomena on the system performance will
be small if

(22)

where fgy is the frequency range of the flicker noise, R,
is the system bit rate, and f, is the frequency of the phase
noise peak. In this paper, we assume that (22) is satisfied;
further research will be needed to study the system per-
formance if (22) is not satisfied. Thus, (20) is accepted as
a valid model in this paper. We note that the phase noise
with the PSD (20) corresponds to the white frequency
noise.

fin << Ry < f,

B. The Additive Noise

The additive noises { n; } contaminate the useful signals
(see (7)). The shot noise, the dark current, and the ther-

0.542KT (A, A)
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expression [1]-[10]):
S(f)=1n, for0<f< o,

where

units: V3/Hz (23)

N = 26RPL,0RE/K, (24)

In (24), e is the electron charge. Hence, the autocorrela-
tion function of {n,} is

R,(1, 1) = E[n(t;) m(5)] = 0.598(1; — 1,)

units: V*/Hz.

= %RPLOR%MH — B). (25)
We note that the excess intensity noise of semiconductor
lasers as well as the thermal noise of the receiver and the
photodetector dark current noise can lead to larger values
of 5 than predicted by (24), thereby degrading the re-
ceiver performance.

V. PERFORMANCE EVALUATION

This section is organized as follows. First, the signal-
to-noise-ratio at the threshold comparator input is found
in the Section V-A. Then, the bit-error-rate (BER) is es-
timated in Section V-B using the Gaussian approximation
technique.

A. The Signal-to-Noise-Ratio

The signal-to-noise-ratio at the input of the threshold
comparator (Fig. 1) is defined as [17]

_ m(withd = 1) — m (with d = 0)
~ o(withd = 1) + o (withd = 0)

where m and ¢ are the mean and the standard deviation of
the voltage ¥ (see Fig. 1). We note that, strictly speak-
ing, the signal-to-noise ratio vy is a meaningful perfor-
mance measure for a Gaussian hypothesis test only. Since
the probability density function (PDF) of ¥; is non-
Gaussian, the value of vy does not contain all the infor-
mation needed to evaluate the system bit-error-rate (BER);
the interrelationship between v and BER is discussed fur-
ther in Section V-B and Appendix I.

Calculation of m and ¢ is a long and fairly complicated
process; it is carried out in Appendices A and B, respec-
tively. Substituting (A18) and (B27) into (26), we obtain

(26)

Y = _ 7
[0.254:K°T'5(A, A) + 0.5Kn’T3(A, A) + KA2qT, (A, A) To(A, A)]" + nDa(A, A)VOSK

mal noise all contribute to the {#;}. All the {n,} are sta-
tistically independent. In the shot noise limited regime,
P is very large; then the {n,}f_, have zero-mean
Gaussian PDF’s, and their PSD is given by the following

RP,T (A, A)

(27)

where the functions 'y (<), I's(-++), and T’y (- - *)
are defined by (AS), (B12), and (B17), respectively, and
A = (I +1)T We will see later that T'; (A, A), T3 (A,
A), and T'; (A, A) are independent of /. Substituting (8),
(23), and (24) into (27) yields, after transformations:

y = .
[R2P2T5(A, A) + 0.5KT2(A, A)e? + 2RP,el (A, A) Ty(A, A)]'/* + 'y (4, A) VOSK

(28)
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- Consider now a particular filter with a rectangular im-
pulse response:

h(t) = El/‘r, fort € [0, 7]
0, for¢ € [0, 7]

where 7 < T'is the filter time constant. For this particular
filter, Ty (A, A) is equal to 1 /7 (see (B17)). Furthermore,
the values of I'; (A, A) and of I';(A, A) depend on the
product Ar7 only (see Appendices G and H), and are de-
noted by T';(Av7) and T';(Av7), respectively. Thus, (28)
yields after transformations:

(units: sec™')  (29)

Lgr
o
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B. The Bit Error Rate

A simple estimate of the bit error rate can be obtained
using the Gaussian approximation [17]:

BER = Q(y) (37)

where Q( ) is the Marcum Q-function [18], [19]. We
emphasize that (37) gives the accurate value of BER for
a Gaussian hypothesis test only and assumes that the com-
parator threshold is selected optimally, i.e., at the inter-
section of the conditional PDF’s of V; calculated for d

(AT /)

’){ -
o
where I'; (AvT /) is given by (G4), I';(+) is given by

(H3), E, is the normalized peak signal energy per bit in
electrons per bit, and « is the normalized bandwidth

electron

T
E, = /= its: —— 31
b e I T (31)
=5 T its: dimensionless  (32)
o = OSRb = ‘.", units; dimensioniess

where T is the bit duration, B, = 1 /(27) is the filter noise
bandwidth, and R, = 1 /T is the bit rate. Expression (30)
can be significantly simplified in several important special
cases.

1. If Av = 0 (no phase noise), and o = 1 (matched

filter):

JO0.5K + 2E, + V05K

¥ (33)

2. If Av = 0 (no phase noise), o = I (matched filter)
and N2E, >> ~0.5K (strong signal):

vy = JO.5E,.

3. If2E, >> 0.5K (strong signal):

(34)

1/2
1, 2 /
[ EITy(AvT/a) + 0.5K + EE,,I‘I(AVT/a)J + J0.5K

(30)

being ‘‘one’” and for d being ‘‘zero’’. Unfortunately, in
the problem investigated, the PDF of V7 is generally non-
Gaussian; therefore, (37) is an approximation only. More
accurate and more complicated techniques for BER eval-
uation include the Chernoff bound [22], [23], computer
simulation [22], [23], and the Gramm-Charlier series
[24]. All the foregoing techniques improve the accuracy
of the analysis, at the expense of more complicated use
and longer computer time. See Appendix I for further dis-
cussion. '

VI. RECEIVER OPTIMIZATION

This section is organized as follows. First, in Section
VI-A we study the receiver performance assuming that the
matched filter is used: « = 1, and 7 = T. Then, in Section
VI-B, we show that the matched filter does not necessarily
provide the optimum performance under conditions of
phase noise, and find the optimum value of . Finally, in
the Section VI-C, we propose the WIRNA receiver struc-
ture, and study its performance. All the numerical results
are presented for K = 3; other reasonable values of K
(such as K = 4 and K = 6) lead to the same results. The
particular value of X = 3 has been selected as follows. 1)
K should be as small as it is possible to minimize the com-
plexity of the receiver. 2) K = 3 is the smallest value of

1
—E T (AvT /)
o

¥ =

4. If 2E, >> 0.5K (strong signal) and AvT /o << 1
(weak phase noise and/or wide-band filter):

1 9 1/2 '
{-0:—2 EEP:;(QVT/OE) -+ ; EbFI(AVT/CY]] + +0.5K

(35)

(36)
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o 100 1000
Peak Signal Energfig Per Bit, Ep
Units: Electrons/|

Fig. 2. The BER versus the normalized peak energy per bit (electrons per
bit) for the (conventional) multiport homodyne receiver; r = T; K = 3.

Power
penaity,
dB

Product AT, percent

Fig. 3. The power penalty (decibels) versus the product A »T for the (con-
ventional) multiport homodyne receiver; 7 is taken to be equal to T, and
BER = 107% K = 3.

K which eliminates the aldditional variance term in (B4)
as long as the phase difference between the receiver
branches is 27 /K as in (3). '

A. The Case of Matched Filtering: 7 = T

Fig. 2 shows the performance curves BER versus £, for
the case of matched filtering: 7 = T the curves were com-
puted using (30) and (37). Inspection of Fig. 2 reveals
that the receiver performance deteriorates rapidly once Av
exceeds several percent of the bit rate. Let us define the
power penalty as
with Ay > 0

Ey,

where E,, is the normalized peak energy in electrons per
bit for the receiver with matched filter (o« = 1) with Av
= 0. Fig. 3 shows the dependence of the power penalty
on the product AvT for ¢ = 1. Inspection of Fig. 3 reveals
that if the penalty of 1 dB is permissible, then AT must
be smaller than 7.15 percent including both transmitter
and local oscillator lasers, or 3.6 percent per laser.

. E -
Power Penalty, dB = 10 log =2 (38)

B. Filter Optimization

Fig. 4 shows the dependence of the power penalty on
the ratio 7 /T = 1/« for several values of ArT. Inspec-
tion of Fig. 4 reveals that while @ = 1 is the optimum
choice for small values of ApT, the optimum value of 7 is
substantially smaller than 7 for large values of A»T (see
Section VII for the explanation of this phenomenon). The
optimum value of « = T /7 can be found from the fol-
lowing equation:

with a =

E, =

Clopts

min for given values of BER and Av7T. (39)
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dB
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Fig. 4. The power penalty (decibels) versus the ratio 7 /T for the (con-
ventional) multiport homodyne receiver; BER = 10°% K = 3. '
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Fig. 5. The optimum value of 7 /T versus the product AvT for the (con-
ventional) multiport homodyne receiver;-BER = 107°. K = 3.

Peak Signal Energy Per Bit, Ep
Units: Electrons/Bit

Fig. 6. The BER versus the normalized peak energy per bit (electrons per
bit) for the (conventional) multiport homodyne receiver with the opti-
mized filters: 7 = 7. The value of 7 has been optimized individually
for each set of Av and BER. K = 3.

Fig. 5 shows «,, versus ApT for BER = 1077 (com-
puted using expressions (30), (37), and (39)). Inspection
of Fig. 5 confirms that while the matched filter (o = 1)
is optimum for small AT (up to 11 percent), larger values
of ApT require larger values of a for optimum perfor-
mance.

Fig. 6 shows the BER versus E, curves for the opti-
mized receiver (o = a,p ), while Fig. 7 shows the de-
pendence of the power penalty on the product A»T for «
= Qg the receiver has been optimized at each value of
BER, i.e., theé optimum (generally, different) value of o
was found and used for each BER. Comparison of Fig. 7

Authorized licensed use limited to: Johns Hopkins University. Downloaded on September 15, 2009 at 18:17 from IEEE Xplore. Restrictions apply.



776

Power
penalty,
dB

Produect AT, percent

Fig. 7. The power penalty (decibels) versus the product A »T for the (con-
ventional) multiport homodyne receiver with the optimized filters; 7 =
Topry and BER = 1077, K = 3.

opt

with Fig, 3 shows that the optimization of « does not im-
prove the receiver performance for small ArT (up to about
11 percent), However, for larger values of ArT, the op-
timization of « improves dramatically the receiver per-
formance,

C. The WIRNA Structure

In this section, we propose and investigate a new mul-
tiport receiver structure—the wide-band filter-rectifier—
narrow-band filter (WIRNA). An intuitive motivation for
the WIRNA structure is provided in Section VII. Fig. 8
shows the block diagram of the WIRNA receiver. Com-
parison of Fig. 8 with Fig. 1 reveals that the conventional
receiver is a special case of the WIRNA receiver. There-
fore, the performance of the optimum WIRNA receiver
must be better than or identical to that of the optimum
conventional receiver. Actually, as we shall see in the rest
of this section, the optimum WIRNA receiver has much
better performance than the conventional multiport re-
ceiver if wide-linewidth lasers are employed (large AvT);
however, no improvement is obtained for narrow-line-
width lasers (small ApT).

The performance of the WIRNA receiver depends on
both lowpass filters—LPF1 and LPF2. To demonstrate the
power and the capabilities of the WIRNA receiver, we
consider below two intuitively attractive special cases. In
the first special case (WIRNA-1), the bit interval [0, T]
is divided into « slots where « is an arbitrary integer.’
Then, the filter LPF1 is designed to integrate over the
intervals [0, T/a], [T/, 2T /a], - - - , ete., while the
filter LPF2 is designed ta average the output voltages of
the LPF1 at the time moments 7/«a, 2T /a, - * - , etc. In
the second special case (WIRNA-2), the bit interval is
divided into two subintervals—[0, 7] and [7, T — 7].
Then, the filter LPF1 is designed to have a time constant
7 while the filter LPF2 is designed to have the time con-
stant T — 7. As we shall see, both WIRNA-1 and WIRNA-
2 have similar performance, which is spectacularly better
than that of the conventional multiport receiver for large
values of AyT. Note that WIRNA-2 is substantially easier
to implement in hardware than WIRNA-1 at high bit rates.

*The WIRNA-1 version of the receiver implements the chip combining
signal processing algorithm [27].
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1. The WIRNA-1: Let h () and h,(7) be the impulse
responses of the LPF1 and the LPF2, respectively. In this
subsection, we consider the following case:

N a/T, forte[0, T/c] N
h(t) = [0‘ for 1 ¢ [0, T/a] (units: s™')  (40)
hy(t) = é‘ﬁ 8(r — iT/a) (41)

where ¢ is an integer (o = 1,2, 3, » - +) in both (40) and
(41). In this case, the input voltage of the threshold com-
parator at the moment ¢ = (! + 1) T'is

Vie = .Zl Ve((l +i/a)T) (42)
where V7 (- ) is the output voltage of the adder in Fig. 8.
Since the time constant of the LPF1 is T/« (see (40)), all
{Ve((I + i/a) T)}, are mutually statistically inde-
1:u'£rl(:lent,‘1 and the (conditional) mean and variance of Vyo
are

Mmyc = E[Vrcid] = ‘;‘1 mﬁ- (43)

and

J%’C = E[(VTC - mTC)ZId] = '=§| U%’;‘ (44)

where my; and 0% are the (conditional) mean and variance
of Vo ((I + i/a) T). Using the same analysis techniques
as in the Appendices A and B, one can show that

— b B (AvT/0) (45)
(5
and
2 _ g2 E_i
o = b"} — dl3(ArT/«)
(04
E, ]

+ 03K + 2 - dFI(AvT/a)) (46)

where b is a constant, which is irrelevant for our analysis.

Substituting (45) and (46) into (43) and (44), respec-
tively, we obtain

mpe (with d = 1) — myc (withd = 0)

= bEbP1 (&VT}’(I) (47}

2
O = bz[a' % I3 (ArT /)

+ 0.5aK + 2Ede‘,(AvT,/cr)}. (48)

4One can even assume that the branch filters are reset at the moments
iT/ e
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Fig. 8. The block diagram of the WIRNA multiport homodyne receiver.

Power g~
Penalty
daB

Fig. 9. The power penalty (decibels) versus the ratio 7/ T for the WIRNA-
1 receiver; BER = 107% K = 3,

Substituting (47) and (48) instead of m and o in (26), we
obtain the signal-to-noise ratio at the threshold compara-
tor input:

EbI‘| (APT/O.’)

Optimum_ 15 - 1
bandwidth
ratio; o

Product AT, percent

Fig. 10. The optimum value of @ = T/ 7 (bandwidth rano) versus AT
for the WIRNA-1 receiver; BER = 107°

Fig. 12 shows the dependence of the power penalty on the
product ApT for the optimized receiver; the receiver has
been optimized for each value of BER. Comparison of

(49)

'Y:

Note that o« = 1 corresponds to the case when the LPF1
is a conventional matched filter and the LPF2 is elimi-
nated; then (49) yields:
Y = _

Ebr 1 (&VT)

[E;T5(AvT) + 0.5K + 2E,T(AvT)]

"2 4 V05K
(50)

Comparison of (50) with (49) reveals that an increase of
a softens the impact of the phase noise (the first term in
the denominator) but somewhat increases the impact of
the shot noise (the second term in the denominator). Fig.
9 shows the dependence of the power penalty on the ratio
7/ T = 1/« for several values of AyT. Inspection of Fig.
9 reveals that while o = 1 is the optimum choice for small
values of AyT, the optimum value of 7 is substantially
smaller than T for large (ArT). The optimum value of «
= T/rcanbe found usmg (39). Fig. 10 shows a, versus
AvT for BER = (computed using (37), (39), and
(49)). Inspection of Fig. 10 confirms that the larger AvT,
the larger «, (see Section VII for the explanation of this
phenomeénon). Fig. 11 shows the BER versus E, curves
for the optimized WIRNA-1 receiver (o = a,y), while

2 172 :
[% Ii(AvT/a) + 0.5aK + 2EbP1(AvT/oe)} + +aK0.5

Fig. 12 with Figs. 7 and 3 reveals that for large A»7, the
WIRNA-1 approach improves dramatically the receiver
performance as compared with the conventmnal {even op-
timized) multiport structure.

2. The WIRNA-2: In this section, we assume that the
impulse responses h, (#) and h, (1) are

' B 1/r, forte]O0, 7]
ha1) = {0, fort ¢ [0, 7] (51
. B 1T — 7),forte [0, T~ 7]
m(t) = [o, oreg[0.7— . OO

Then it is easy to see that the mean and the variance of
Vrc at the sampling moment 1 = (I + 1) T are, respec-
tively:

mzc (with d = 1) — nige (with d = 0)

(t+0T 2
. A K(T - 7)
= 0.54’K 5 T Gl
IT+r Tile, 1) dr ®AvT
‘[1 + rAlw [exp (—mAvr) — l]} (53)
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Fig. 11. The BER versus the normalized peak energy per bit (electrons per
bit) for the optimized (7 = 7,,) WIRNA-1 receiver, K = 3. The value
of 7 has been optimized individually for each set of values of Ay and
BER. )
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Fig. 12. The power penalty {decibels) versus the product ArT for the op-
timized WIRNA-1 receiver: BER = 107". K = 3. BER = 107%. 7 =

Topt:

and

1 (U+1)T pil+1)T
2
O%c g H Fyr(ts, tg) dts dt,

- (T — T)I T+ T+

(54)
where Fyr (-, - ) is the covariance function of V(- ) and
is given by (B26), I'/(-,-) is given by (G2), and T';
(+,-) is given by (H1) and (H2). The function I'y(ts,
fs) is defined by (B17), and in the case considered, is given
by '

0» if’fj_f‘ﬁ] ET,
Ty(ts, 16) = ¢
13(7_"‘5_’6”’ if |5 — 7| =< 7,
ifts, tg > IT + 7. (54a)

Note that for IT + 7 < 15, tg < (I + 1) T the covariance
function Fyr (s, ts) depends only on the time difference
ty = |ts — tg|—this fact can be used to reduce (54) to a
one-dimensional integral. The task is accomplished by in-
troducing 7; = |15 — #5| and tx = t5 + 15 into (54); then
the integration over ¢y can be simply carried out, and (54)
yields
0Fc =

1 T-7
Q(T—_;—)i SU (T — 7 — tg) Fyr(1q) dta

(55)
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Fig. 13. The power penalty (decibels) versus the ratio 7/ T for the WIRNA-
2 receiver: BER = 107°. K = 3.

Optimum 15
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Fig. 14. The optimum value of the bandwidth ratic oo = T/ 7 versus ApT

for the WIRNA-2 receiver; o is not necessarily an integer in this case;
BER = 107°. K = 3,

BER

Peak Signal Energy Per Bit, Ep
Units: Electrons/Bit

Fig. 15. The BER versus the normalized peak energy per bit (electrons per
bit) for the optimized (7 = 7,,,) WIRNA-2 receiver. K = 3. The value
of 7 has been optimized individually for each set of Av and BER.

The remaining integration in (55) was carried out numer-
ically. Substituting (53) and (55) into (26), we obtain the
signal-to-noise ratio at the threshold comparator input for
WIRNA-2. Fig. 13 shows the dependence of the power
penalty on the ratio 7 /T for several values of A»T (com-
puted using expressions (26), (37), (53), and (55)). In-
spection of Fig. 13 reveals that the optimum value of 7 is
substantially smaller than T for large A»7. The optimum
value of @ = T/ 7 can be found using (39). Fig. 14 shows
Qope Versus AyT for BER = 10~° (computed using expres-
sions (26), (53), (55), and (39)). Inspection of Fig. 14
confirms that the larger ApT, the larger «, (see Section
VII for the explanation of this phenomenon). Fig. 15
shows the BER versus £, curves for the optimized
WIRNA-2 receiver (o = gy ). while Fig. 16 shows the
dependence of the power penalty on the product A»T for
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Power 3
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Fig. 16. The power penalty (decibels) versus the product T »T for the op-
timized WIRNA-2 receiver; BER = 107%. 7 = 7. K = 3.

the optimized receiver; the receiver has been optimized
for each value of BER. Comparison of Fig. 16 with Fig.
12 shows that the WIRNA-1 outperforms the WIRNA-2
for AvT =< 40 percent while the WIRNA-2 outperforms
the WIRNA-1 for AvT = 40 percent. However, the dif-
ference between the two WIRNA’s is very small (less than
0.3 dB for AvT = 100 percent). This is important since
the signal-to-noise ratio y can be evaluated analytically
for the WIRNA-1. Thus, (49) is useful as a good approx-
imation for both WIRNA’s.

VII. SysTEM IMPLICATIONS

Inspection of Figs. 3, 7, 12, and 16 reveals two impor-
tant conclusions: 1) under conditions of phase noise, the
matched filter (7 = T) does not provide the optimum per-
formance; smaller 7 (wider bandwidth) can lead to sub-
stantially better performance; 2) the WIRNA structure
provides a dramatic performance improvement with re-
spect to the conventional multiport structure for large val-
ues of AvT; note that the conventional multiport receiver
can not provide better performance than the optimized
WIRNA receiver since the conventional multiport re-
ceiver is a special case of the WIRNA receiver. The phys-
ical reasons of these phenomena are as follows.

A. The Conventional Structure

As a result of the phase noise (Av > 0), the signal
spectrum becomes wider. The bandwidth of the matched
filter (7 = T) is not wide enough to pass the larger signal
spectrum, and a part of the signal power is lost (m de-
creases when Av increases). In addition, when the filter
bandwidth is not wide enough, the phase noise is con-
verted to the amplitude noise [20], and the total noise

variance increases. To alleviate the foregoing two prob-

lems, one can and should make the filter bandwidth wider,
This is why the optimum value of 7 is smaller than T for
large Av. Unfortunately, wider filter bandwidth leads to
increase of the shot noise power collected, and to degra-
dation of . If we wish to maintain the same BER, we
can, of course, increase the signal power, but this leads
to a power penalty. Thus, for a given value of AvT, the
optimum value of 7 will be between 0 and 7, providing a
compromise between the performance degradations
caused by the shot- and phase-noise.
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B. The WIRNA Structure

The WIRNA structure fights the mixture ‘‘shot noise
plus phase noise’’ using a more saophisticated approach.
The first LPF (LPF1) of the WIRNA has much wider
bandwidth than the LPF of the corresponding conven-
tional structure. As a result, the impact of the phase noise
is minimized, but, of course, the shot noise power in-
creases, Then, after the combination *‘rectifiers + ad-
der’’, the LPF2 cancels a large part of the excess shot
noise power collected by the LPF1.

C. An ASK Heterodyne Receiver Versus the Multiport
Receiver :

Comparison of (33) with the corresponding expression
for the heterodyne ASK receiver [26] reveals that both
receivers have the same performance under no-phase-
noise conditions. Further, comparison of Fig. 16 with the
corresponding data for heterodyne ASK receivers with the
envelope post-detection processing [26] reveals that both
receivers, when suitably optimized, can tolerate large—
and practically identical—amounts of phase noise: AvT =
10 percent per laser for 1-dB power penalty. Thus, both
receivers are expected to have the same performance un-
der both shot- and phase-noise conditions. However, the
multiport receiver offers an important advantage of shift-
ing the processing to a lower frequency range, in return
for a more complicated hardware.® By that means; the
whole bandwidth of the photodetector can be used for data
reception.

D. The Multiport Homodyne Receiver Versus the Phase-
Locked Homodyne Receiver

Both the multiport and the phase-locked receivers elim-
inate the IF processing and are, therefore, similar in this
respect. However, the phase-locked receiver imposes ex-
tremely stringent laser linewidth requirements [8], [9]: Av
< 3 X 107°R, for 1-dB penalty. At present, these re-
quirements can only be met with fairly complicated and
expensive external cavity lasers if R, is several hundred
Mbit/s. The multiport receiver can tolerate substantially
larger laser linewidth: 11 percent for 1-dB penalty. These
requirements can be met with DFB lasers, which are po-
tentially inexpensive and are commercially available now.
Thus, the major advantage of multiport homodyne receiv-
ers with respect to phase-locked homodyne receivers is
the greatly relaxed laser linewidth requirements. The price
of this advantage is the reduced sensitivity: the sensitivity
of multiport receivers is 3 dB worse as compared with
phase-locked receivers (this is also true for heterodyne
receivers).

VIII. LASER LINEWIDTH REQUIREMENTS
For a given power penalty, the laser linewidth require-
n.2nts can be determined from Figs. 3,7, 12, and 16. The
laser linewidth requirements for the power penalties of 1
and 2 dB are summarized in Table 1.
Note that the multiport approach imposes strict requirements on atn-

plifier phase linearity and phase characteristic matching in order to obtain
the desired multiport phasing (27 /K ).
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TABLE I
THE LASER LINEWIDTH REQUIREMENTS FOR MULTIPORT RECEIVERS FOR
BER = 107°
Receiver | Conventional, | Conventional,
Structure | matched ﬁ:llc!.'q optimized filter | WIRNA-1 | WIRNA-2
Power AvT at IF AvT az IF AvT atIF | AvT at IF
Penalty
1dB 1.2% 1.2% 2% 1.2%
More More
than than
2dB 10.5% 10.5% 100% 100%

Inspection of Table I and of Figs. 3, 7, 12, and 16 re-
veals several interesting conclusions:

1) Conventional multiport receivers can tolerate only

. modest linewidth for small power penalty: ArT is
3.6 percent per laser for 1-dB penalty, and 5.25 per-
cent per laser for 2-dB penalty. Optimization of
branch filters does not help for small linewidth/small
power penalties.

2) Optimization of branch filters of conventional mul-
tiport receivers does lead to performance improve-
ment for larger values of the laser linewidth: a re-
ceiver with the matched filters has 20-dB penalty
when ArT = 10 percent per laser while a receiver
with optimized filters has only 4.8-dB penalty with
the same AyT.

3) The WIRNA structure improves dramatically the ca-
pability of multiport receivers to tolerate wide laser
linewidth. The WIRNA tolerable value of ArTis 11
percent .per laser for 1-dB penalty, and, most im-
portantly, more than 50 percent per laser for 2-dB
penalty. This means that, at data rates of several
hundred Mbit/s, conventional DFB lasers can be
used with only a small power penalty, and no com-
plicated external cavity laser designs will be
needed.® For comparison, the reader is reminded [7],
[8] that the synchronous (phase-locked) homodyne
receivers impose much more stringent requirements
on the laser linewidth: AyT < 0.031 percent for PSK
receivers with 1-dB power penalty. This, of course,
must be weighted against the better sensitivity of the
synchronous PSK homodyne receivers (their ideal
sensitivity is 6 dB better than that of an ASK mul-
tiport receiver).

IX. CoNCLUSIONS

In this paper, several types of ASK multiport homodyne
receivers were investigated, and the impact of the phase
noise and of the shot noise on these receivers was ana-
lyzed. The first structure investigated was a conventional
multiport receiver with a matched filter in each branch.
This structure can tolerate AvT of about 3.6 percent per
laser with a small power penalty, but when ArT increases
to 10 percent per laser, the penalty increases to 20 dB.

®This is also true for heterodyne ASK reception.
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Optimization of branch filters of conventional multiport
receivers does not help for small linewidth/small power
penalties but does improve the receiver performance for
larger linewidths: when AvT = 10 percent per laser, the
penalty is only 4.8 dB with optimized filter. Most impor-
tantly, a WIRNA structure was proposed and studied. It
was shown that the optimized WIRNA receivers are ex-
tremely robust with respect to phase noise: the WIRNA
tolerable value of ArT is 11 percent per laser for 1-dB
penalty and more than 50 percent per laser for 2-dB pen-
alty, Thus, the WIRNA structure opens, for the first time,
the possibility of constructing homodyne receivers oper-
ating at several hundred megabits per second with con-
ventional DFB lasers without complicated external cavi-
t1es.

Under no-phase-noise conditions, all the multiport re-
ceivers investigated have the same performance if suit-
ably optimized; the performance is identical to that of the
heterodyne ASK receivers. In addition, the optimized
(WIRNA) multiport receivers have the same phase noise
performance as the heterodyne ASK receivers, and can
tolerate (approximately) the same laser linewidth. Thus,
the main difference between the (WIRNA) multiport ho-
modyne and heterodyne receivers is that the former elim-
inates the IF section, in return for a more complicated
optical front end. This difference may make the WIRNA
multiport homodyne receivers particularly attractive at
high (say, several gigabits per second) bit rates if the
problem involved in construction of matched wide-band
amplifiers are successfully resolved. All the numerical re-
sults presented in this paper were calculated for a three-
port receiver; other reasonable values of K (such as K =
4 and K = 6) lead to the same results.

APPENDIX A
THE MEAN VALUE OF Vo,

This appendix is organized as follows. First, we find
the mean values of X(¢), ¥(¢), and Z(t). Then we find
the mean value of Vy(¢). Throughout this appendix it is
assumed that 7, ¢, £, 5, ts € [IT, (I + 1) T1.

The Mean Value of X

The mean value of X can be evaluated using several
possible techniques, and we show below two of them. The
first technique was proposed by the authors of this paper;
the second (simpler and more elegant) technique was pro-
posed by a reviewer of this paper.

The first derivation technique begins with the voltage
X, given by (13). The conditional mean value of X, is

my(t) = E[X(1)|d] = A2dE[SH(1)|d]

1

r i

ASd S 5 h(l‘ - tl} h(f - .fz) R](f[, fg) dfl dfg
T JiT

(A1)

where E[X,(1)|d] denotes the average value of X, (1)
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conditional on the data d, and

Ri(t, 1) = E[cos (é(tl) + k%)

* COS (d:(tz) + k%ﬂ.

It is shown in Appendix C that

(A2)

lim R,(t, ) = 05exp[—7Av|t; — 1]]. (A3)
n ) <o
It follows from (17) that
my(t) = E[X(r)]d]
K
= kZ my (1) = 0.542dKT(1,t) (A4)
=1
where

15 Ia
Iy (25, tg) = 5 SITh(‘S - ) h(ts — 1)

i
(AS5)

The usefulness of the function I'; ( -, - ) will become clear
later. The last equality in (A4) is obtained by substituting
(A3) into (A1) and (A1) instead of my (). Taken to-
gether, (A4) and (AS5) give the value of my.

The second derivation technique is simpler and more
elegant; it was suggested by a reviewer of this paper. The
derivation begms with substituting of (C1) into (A1) and
summing over the index k; the result is

- exp [—wAv|ty — 1|] dt db,.

K t t
mx(t) = OSAEd :51 SET SIT h(t — fl) k(f - 1‘2)

* E[cos ¢,(1,)] dt; dt, + dE[¢] (A6)

where

t I
e = 0.542 5 S h(t — ) h(t — t,)
ir Jir

K
. [El cos (q&(rl) + ¢(1) + 2k 27;)} dt, dt,.

(A7)

The variable ¢.(#,) in (A6) is defined by (C2). It is easy
to show that the term in square brackets in (A7) is equal
to zero if

K= 3. (A8)

In this paper we assume that (A8) is satisfied; then € =
0, and (A6) yields

my (1) = 0.547dK S;r Lh(x — 1) h(t — 1)

- E[cos ¢,(1,)] dt; dn. (A9)
Expectation E[cos ¢,(7;)] is evaluated in Appendix C,
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and is given by (C4); substituting (C4) into (A9), we ob-
tain (A4) again.

The Mean Value of Y

Let us begin with the filtered noise ng(t) defined by
(10). It follows from (10) that ng, (1) has a Gaussian zero
mean PDF; its variance is

t ]
[} Roten ) he = 1) he = )
T T

oam(t)

1
= 0.59 SIT K (t — 1) dn (A10)

where 7 is given by (24), and R, (#;, #,) is the autocorre-
lation function of n,(#); the last part of (A10) is obtained
by substitution of (25). It follows from (14) that the (con-
ditional) average value of ¥, is [16], [18], [19]

E[Y(1)|d] = E[nk(1)]

my(t) =
= o25(2) = 0.5y Snkz(t — ;) dr. (Al11)

It follows from (18), (A10), and (A11) that the (condi-
tional) average value of Y is

my (1) = E[¥(1)|d] = 2 my(t) = Koin(1)

H .
= 0.5Ky S Rt — ;) dny. (A12)
iT

The Mean Value of Z

Note that Sg. (1) and ng (t) are uncorrelated because
they stem from independent noise sources (phase noise
and shot noise, respectively):

E[Sg(t) np(r)] = E[Sn(2)] E[nﬁ(:)]' =0 (Alé)

where the last equality follows from the fact that
Elng(1)] = 0. It follows from {19) that the conditional
average of Z is

mz(t) = E[Z(1)|d] = ZA,dkgi E[Sg(t) np(1)].

(Al4)
Substituting (A13) into (A14), we obtain
mz(f) = Q.

The Mean Value of Vy

1t follows from (16) that the conditional mean value of
Vr is

m(f) = E[Vr(t)ldl = mX(I) -+ my(t) + mz(r)‘
(Alﬁ_}
Substituting (A4), (A12), and (Al5) into (A16), we ob-

(A15)
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tain
I

m(t) = 0.541dKT (2, t) + 0.5Ky EJT W (1 — 1) d

(A17)

where T'y (* - -) is defined by (A5). At the decision mo-
mentr = A = (I + 1) T, (A17) vields

m(A) = 0.542dKT (A, A)

1l

mn

A

+ 0.5Ky gwhz(n — 1) dr.  (A18)

APPENDIX B
Tue Seconp MOMENTS OF Vi

This appendix is organized as follows. First, we find
the second moments of X(z), Y(¢), and Z(r). Then we
find the second moments of V3 (z). In this appendix we
find the autocorrelation functions of the corresponding
variables, even though the autocorrelation functions are
not needed in Section V; they will be needed in Section
VI. Throughout this appendix it is assumed that ¢, 1, t,,
ts, ts € [IT, (I + 1) T].

The Second Moments of X (t)

Let us substitute (11) into (13), and (13) into (17). The
result is

12

X(r) = A3d 2 [h(r) * oS (¢(x) + k%)

E Lﬁh(: — 1) h(t — ;) cos ((ﬁ(m)
+ k 2—;) cos (qﬁ(@) + k %é—r) dt, dt,

f I
= 0.542dK ( S h(t — 1) h(t — 1)
T LT

-+ cos G (ty) dty dty + € (B1)

where ¢,,,(1;) is the phase noise accumulated over the
interval [¢;, 1, ]:
ba2(t) = o(1) — ¢(1y) (B2)

]tl - fzJ (B3)

]

Ti2

and

t r
— 2 — —_
€ = O.SAS S;T Sﬂ"h(r 11) h(f tz)

. [é cos (:ﬁ(rl) + 6(1) + 2 %)} dt, d,

(B4)
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It is easy to show that the term in square brackets in (B4)
is equal to zero if
K = 3. (B5)

In this paper we assume that (BS) is satisfied; then ¢ = 0,
and (B1) yields

r pr

X(t) = 0.54; dK 5 S h(t — 1)) h(t — 1)
IT JIT

cos ¢712(t]) d!l dfz. (B6}

It follows from (B6) that the conditional correlation func-
tion of X(¢) is

Ry(1s, 1s) = E[X(15) X(15)|d ] = 0.254IK%dT, (15, t5)

(B7)
where
Ty (t5, 1) = S{T g;r S;r L""(fﬁ =) h(ts — 1)
“h(tg — 13) h(tg — 1) Ro(ty, 1o, 13, 14)
" drl dtg df3 df4 (BS)
where
Ry(ty, by, 13, 1) = E{CGS [o(2) — o(12)]
- cos [6(13) — o(1)]}. (BY)

As shown in Appendix D
Ry (1), 1y, 13, 14) = 0.5 exp (~7wAw7yoL)
+ 0.5 exp [ —mAw(7yor + 4701)]

(B10)

where 7yg; 1s the duration of time when there is no over-

lap between the intervals [74, #3] and [#, t;], and 7o is

the time of the overlap between the two intervals. Both

7yor and 7p; are shown in Fig. 17. The conditional co-

variance function of X(¢) can now be found as [21, p.
176] '

Fylts, t6) = E{[X(15) = my(15)][X(15) — my(15)]|d }
= Rx(ts, 15) — mx(15) mx(z)
= 0.25ALdK’T5(ts, 1) (B11)

where

Ds(t5, 1) = Tolts, t6) — Ti(1s, t5) Tilts, 15).  (B12)
’{I‘;:)l‘ast part of (B11) is obtained by substituting (B7) and

The Second Moments of Y (t)

First, let us find the conditional correlation function of
Y, (1) given by (14):

Authorized licensed use limited to: Johns Hopkins University. Downloaded on September 15, 2009 at 18:17 from IEEE Xplore. Restrictions apply.



KAZOVSKY er al.: ASK MULTIPORT OPTICAL HOMODYNE RECEIVERS : 783

t: t
— - l'/ AT i
t‘: N +3 TR RN N N N R N RTRNTRNNNTY Fime
Uaaliyl
THoL
Fig. 17. The relationship between t,, #3, 12, 11, Tyop and 7gp; the case il-
lustrated is given by (D1).

Ry(ts, t6) = E[Y,(15) Yi(ts) |d] The last line of (B16) is obtained by substitution of (B15)
. 2 nis and (A7). Since all { Y, (7)}£., stem from the indepen-

5 . K ' R

_ dent noises {n, (1) }i=1 (see (14) and (10)), the covari-
- E[{ L— m(1) hlss = 1) d‘] ]: Lr m (1) h(zs ance function of Y(7) is equal to the sum of the covariance

, ' functions of { ¥} f—:
-0 dr” Fy(ts, tg) = _E{[Y[‘s) — my(t5)][Y(26) — mY(té)]ld}
5 s 16 t6 ) . K .
- |, J, §, 0 = 005 = ) = 3 Fults ts) = 0.5K0T3(55, t5).  (BI8)
ir Jir Jir Jir Pt
h(ts — t3) h(ts — 1) Ry(t1, 12y 13, 34)_ The Second Moments of Z (t)
.dty dt, dry di, _ (B13) First, let us find the conditional correlation function of
: Z, defined by (15):
where .
Ry(ts, t5) = E[Z(15) Ze(16)|d ]

Ri(t1, 1o 13, 13) = Efmi(t)) me(y) me(13) me(2a) }

= 44} ng(ts) ng Sei(ts) Splts) ] -
E[n(1,) m(1)] E[me(13) me(a)] 4A dE{[ (9 mali]5m () (;]ﬂf}))

+ Efn(1y) me )] E[m () mi(14)] Note that ng (1) and Sg(r) stem from statistically inde-

+ Eln.(2) n(2)] Eln(2;) (23 pendent noise sources, m(z) and ¢ (), respectively.
LneC) mel 4)] L (82) m )l Hence, the terms in square brackets in the last part of
0.257*[6(t, — 1) 8(tx = 13) + 8(ty  (B19) are mutually statistically independent and, there-
fore, uncorrelated [16, p. 211]. Hence
— 1) 8(ty — 1) + 8(t; — 13) 6(t re (16, p. 211]

Ry (ts, ts) = 4ATdR, 5 (15, t6) Rep (15, 15)  (B20)
- 1)) (B14) '

The second line of (B14) is given in [25]. Substituting
(B14) into (B13), we obtain

Il

I

where
Rup(ts, 16) = E[np(ts) np(s)]

h(ts — 1) h(ts — ) R, (1, 12) dt dt,

5 e

5 6 =
Ry (ts, 1) = 0.257;2{5”1 m(ts — 1,) dt, EIT Wt — 1) dts . E!T SIT
0.59T4(ts, t6) (B21)

N

+ 2[ Szmm h(ts — #) h(ts — 1;) dﬁ:lz] ‘and

o . R (15, 16) = E[Sw(t5) Sp(t6)]
. (B15) ts pis
where #,, = min (zs, #5). The conditional covariance = S;r Lh(fs —t1)h(ts — ) R(1, 1) dr, dn
function of ¥, (1) can be found as [21, p. 176]:
| 8 1, p. 176] = 0.5T(ts, ) (B22)
Frl(ts, 15) = E{[Yk(tS) — my(15) ][ %e(t6) where the functions R,(.,.), T4(.,.), Ri(.,.), and
_ mm{tﬁ)]‘d} I'(.,.) are given by (25), (B17), (A3), and (AS), re-
- spectively. The conditional covariance function of Z; can
= Ry (ts, t5) — my(15) my(ts) now be found as follows [21, p. 176]:
= 0.57"T3(ts, 1) (B16)  Fpl(rs, 1) = E{[_Zk(fs) — my(ts)][Zi(t6) — mz:k(fa)]}

where = Ry (s, ts) — mz(ts) mz(15)

fmin = Ry (ts, t5) = Afdﬂrl(&s te) Ta(ts, )
Ly(ts, ts) = ” h(ts — 1) h(tg — 1) dt,.  (B17) . (B23)
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since mz (1) = 0, as it follows from (A9). All the
{Z.}£_, are (conditionally) uncorrelated, as shown in
Appendix E. Therefore [16, p. 211]:

K

Fy(1s, tg) = kg*l Fz(ts, 1)

= KAZdnT (15, ts) Talts. 1) (B24)

The Second Moments of Vg (1)

The variables X, Y, and Z are pairwise conditionally
uncorrelated, as shown in Appendix F. Hence, it follows
from (16) that the conditional covariance function of Vy
is

Fyr(ts, 1) = E{[Vr(fs] — m(1s)][Vr(26) — m(fs)”d}
= Fx (s t6) + Fy(ts, t6) + Fz (15, t5).
(B25)
Substituting (B11), (B18), and (B24) into (B25), we ob-
tain
Fyr(ts, 1) = 0.25A%dKT (15, t5) + 0.5Kn’T5(1s, 1)

+ KALdnD\(1s, ts) Ty(ts, 26). (B26)

The variance of V; at the decision moment.t = A = ([ +
1)Tis

0'2 = FVT(I&, ).1) = Ji-‘r‘ —+ U%’T + U‘%T
= 0.254%dK*T;(A, A) + 0.5Kn’Ti(A, A)

+ KA*dnD(A, A) T4(A, A). (B27)

AppENDIX C
DEVELOPMENT OF EXPRESSION (A3) For R (7, 1)
Assume that 7, < f, (the case 7; < f, can be handled
similarly). Then it follows from (A2) that

Ri(1, 1) = 0.5E{cos ¢,(1,)}

+ U.SE[COS [Z(b{{:) + ¢, (1)) + 2k %B

(C1)

where 7 = |7, — 1|, and

n

0.(0) = 6(0) — 9(1) = | b (C2)

It is easy to show [1], [3], [71-[9], [26] that ¢,(z,) is a
Gaussian zero mean random variable with the variance

o2, = E{¢l(1)} = 2mAvr. (C3)
Hence
* 1
E{cos qb,(rl)} = 5_m [cos ¢,] %7\/2_1_

- exp [—97/(203,)] do,
= exp (—03,/2) = exp (—wAr7).
(C4)
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Consider now the second expectation in (C1):

4o

Eicos 20(1) + ¢.(1,) + k?)]

~| &

= E{cos(2¢(r2)) cos (r,b,(r]))} cos <k

==

/"_‘“\\/“;“ﬂ\/"'“*-\
& =|§F =&
"n..__._./‘m..__./

- E{cos (2¢(1,)) sin (tﬁr(r,)]} sin

T e

- E{sin (2¢(1,)) cos (qb,.(r[))} sin

=

~ E{sin (26(1,)) sin (da,(r]))}

[#]
®]
7

(Cs)

Note that ¢(#,) and ¢.(#,) are mutually statistically in-
dependent since ¢, < ¢, by assumption; the distribution of
both of them is Gaussian. Hence, the second, the third,
and the fourth expectations in (C5) are equal to zero;
therefore, (C5) yields

Ei (26() + 9:(1) + & %)I

. dr
= E{cos (Zqﬁ(.tg))} E{COS (‘:f’:r(rl))} cos (k ?)

4
cos (k %) exp ( —wAvt,) exp (—7Ar7r). (C6)

The second line of (C6) is easily obtained from (C4).

Expression (C6) shows that, generally, the correlation
function R(t, r;) depends on the absolute values of its
arguments. In the rest of this paper we consider the bits
transmitted in the steady state only: /7 — oo and there-
fore, t, = oo. Then the second expectation in (C1) goes
to zero as shown by (C6). Hence, combining (C1) with
(C4) and {C6), we obtain

Ri(t,, ) = 0.5 exp ( —wA»7)

= 0.5exp (—mAv|t, — n|).  (C7)

ArpENDIX D
DeveLoPMENT OF (B10) FOrR R, (#y, fp, 13, I3)
Without loss of generality, let us assume that
IT<h <h<nu<n<(+1)T (D1)
as shown in Fig. 17. Then it follows from (B9) that
Ry(t1, 1, 13, ;) = 0.5E(cos 6) + 0.5E(cos B) (D2)
where
8= o) — ¢(r) — o(13) + o(2) (D3)
and

B = o(t) — o) + o) — &(1) (D4)
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Expressions (D3) and (D4) can be rewritten as

0 =[o(n) — ¢'(13)] - [li)(fz) - 41?(’4)] (D5)
B = [o(n) — ¢(t5)] + 2[6(r) — o(n)]
+ [6(5) — ¢(1)]- (D6)

The expressions in square brackets in (D5) and (D6) are
the phase noises accumulated over nonoverlapping time
intervals (see (D1)); they have zero means, and their vari-
ances are (see (C3)):

var [o(1) — ¢(1)] = 27Ar(1, -—.r3)l (D7)
var [6(1) — ¢(1)] = 2wA»(t; — 1) (D8)
var [6() — 6(1)] = 2mAw(e — 12).  (D9)

Since the intervals {t;, 1,], [4, f2], and [#3, ;] do not
overlap, the phase noises accumulated over these time in-
tervals are independent. Hence, using (D5) and (D6), one
can write:

E(8) =0 (D10)
E(B) =0 (D11)
oj = E[6°] =var[eé(n) — ¢(1)]
+ var [¢(22) — &(1s)]
=2xAv[(t; — 1) + (& — 13)] (D12)

o3 = E[’] = var [&(1)) — ¢(13)]
+ 4 var [¢(1) — ()]
+ var [¢() — é(u)]
= 27Av[(t; — 15) + (t, — t,) + 4(1s — B)].
(D13)

At this point it is convenient to introduce two new times
7o and 7ypo;. As shown in Fig. 17, 74; is defined as the
time of the overlap between the intervals [#;, t3] and [1,,
t;], whereas 7yg; is defined as the time when there is no
overlap between these two time intervals. Assuming that
(D1) is satisfied, one can write

Tvor = (1 — 13) + (8, — 1) (D14)
and

ToL =t — . (D15)
Then (D12) and (D13) can be rewritten as

o} = 2mrA vy (D16)

0% = 27Av(7noL + 4701). (D17)

Once 05 and crfg are known, E(cos 6) and E{cos §8) can
be found easily (see development of (C4) in Appendix C):

(D18)
(D19)

E(cos 8) = exp (—mAv7yor)

E(cos B) = exp [ —mAv(Tyor + 4701)]-

785

Finally, substitution of (D18) and (D19) into (D2) yields
Ry(ty, ty, 13, 1) = 0.5 exp (—7Awyor)
+ 0.5 exp [ —wAv(ryor + 4701} ]
(D20)

Expression (D20) has been derived under the assumption
that the relationship between tq, t1, t;, and ¢, is given by
(D1); examination of other possible cases reveals that
(D20) remains valid irrespectively of the relationship be-
tween Iy, t3, I, and f;.

ApPENDIX E
PrOOF THAT THE VARIABLES {Z,}f_, ARE PAIRWISE
CoNDITIONALLY UNCORRELATED

Throughout this appendix it is assumed that ¢,, 1, € [IT,
(I + 1)T]. Consider the conditional cross-correlation
coeflicient

oultis 1) = E{Zi(ftl Z(1)|d }»
It follows from (15) and (E1) that
pic(ty, ) = 4ATAE[ng (1)) np(2) Sr(t) Sp(02)].
(E2)
The random variables Sk, (t) and ng(2) are statistically
independent for each k. Hence, the products [ng(t;)
fp ()] and [SE(1) Sa (1)) are also statistically inde-
pendent and, therefore, uncorrelated [16, p. 211]. There-
fore

E[ng(1) np(t) Se(t) Sp(t)] = E[ng(0) np(t)]
“E[Sp(1) Sﬂc{_fz)], (E3)

Further, forany i # k, ng;(¢,) and ng (t,) are statistically
independent since they are generated by the statistically
independent #,(.) and n, (. ) (see (10)). Therefore, ng (1))
and np,(t,) are also uncorrelated:

E[ng(n) np(t)] = E[nr(4)] E[np(2)] = 0.

t, # . (E1)

i+ k.

vi # k. (E4)
Combining (E2), (E3), and (E4), we obtain:
pualt, ) =0, Vi #k (ES)

Further, we note that all {Z,(7)} have conditional zero
mean, so that

Elz(1)|d) E[Z(x)]d] = 0,

Combining (ES) with (E6) shows that the variables
{Z, (1)} £, are indeed pairwise conditionally uncorre-
lated:

E[Zf(ﬁ)zk(fz)ld] = E[Zf(‘:)ld] E[Zk(fz)ld] =0,
(E7)

vi # k. (E6)

vi #+ k.

Expression (E7) is used in the Appendix B.
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APPENDIX F
ProoF THAT THE VARIABLES X, Y, AND Z ARE
PAIRWISE CONDITIONALLY UNCORRELATED

The Variables X and Y are Conditionally Uncorrelated

Throughout this appendix it is assumed that 1, t, € [ 7,
(I + 1)T]. Since we are interested in the conditional cor-
relatiofi, the only random functions in_our problem are
o (t) and {n,(r) }k 1. Note that ¢ (z) is statistically in-
dependent of {n, (1)} §=,. Further, X(7) depends on ¢ (7)
and is mdependent from {n,(7)}£_, while ¥(r) depends
on {n,(¢+)}£_, and is independent from ¢ (¢). Therefore
[16, p. 211}, X and Y are conditionally statistically inde-
pendent and therefore conditionally uncorrelated:

E[X(1) ¥(1)|d] = E[X(n)|d] E[¥()|d].

Variables X and Z are Conditionally Uncorrelated
It follows from the definitions (17) and (19) that

ff £ xi0 £ 2004

K K
- k§1 i§1 E[X (1) Z:(1) |4].

(F1)

E[X(1,) Z(1,)|d]

I

(F2)

Substituting (13) and (15) into (F2), we obtain
K K '
(1) Z(1)|d } = 24ip}d 2 Z!
k=1 i=

E{[Sh(t) Su(1:)] na()}. (F3)

We note that ng(¢) depends on n;(r) and is independent
of ¢ (1) while [S%.(t;) sﬂ-(tz)] depends on ¢ (¢) and is
1ndependent of {m(1)}¥_;. In addition, ¢(r) and
{ne (1)} Ko are statmt]cally independent. Hence [16, p.
211], ng(t) and [S%.(t,) Spi(t,)] are statistically inde-
pendent and, therefore, uncorrelated:

E{{S?’k(ﬁ) Spi(-‘fz)] ”Ff(fz)}
= E[S%k(zl) Sei(1)] E[”Ff(fz}]-

E{x

(F4)
In addition
E[ng(n)] = 0. (F5)
Substituting (F5) into (F4) and (F4) into (F3), we obtain
E[X(1) Z(1)|d] = 0. (F6)
Combining (A14) and (Al5) with (F6), we obtain
E[X(1) Z()|d] = E[X()|d] E[2()|d] = 0.
(F7)
The Variables Y and Z Are Conditionally Uncorrelated
It follows from the definitions (18) and (19) that

il

K K -
E{E 2 Yi(1) Zi(1) |d

k=1i=1

E[Y(1) Z(iz)ld]

K K
= 2 X E[Yi(n) Z(n)|d].

k=1i=1

(F8)
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Substituting (14} and (15) into (F8), we obtain
. K K
E[Y(t)) Z(t)|d] = 24,d E} _Zl

E{ [ (1)) np(1)] Sa(n) }. (F9)

We note that [n5.(f,) ng(£) ] depends on n,(¢) and n; (1)
and is independent of ¢ (7) while Sy depends on ¢ () and
is mdepr::ndent of {m(r)}¥_,. In addition, ¢(t) and
{n (1)} -, are stdllsllcally independent. Hence [16, p.
211], the variables [nF (1) np;(1,)] and Sg(z,) are con-
ditionally statistically independent and, therefore, condi-
tionally uncorrelated:

E{[nka(til) ng(1)] Sr‘s(fz)}
= E[nzﬂc(h) ”n(lz)] E[SF:(IQ)],
k< K. (F10)

Consider now the product np (1) ng(8). 160 # k, then
g (t;) and ng (1, ) stem from the statistically independent
n(t) and n;(r), respectively. Hence, [16, p. 211], they
are statistically independent and, therefore, uncorrelated:

1 <4

E[ng(t)) np(6)] = E[np(1)] E[ns(n)], i # k.
' (F11)
If follows from (F5) and (F11) that
E[nq(t) np(t)] =0, ifi #k  (FI2)

Next, consider the case when { = k using (10), we ob-
tain:

. i+ nr (I+1)T {(I+1T
E[nf (1)) np(t)] = 5 S g

T T ir

h(ty — 1) h(fy — 1)

“h(ty — t5) Ry(ts, 1o, t5) dty dt, dts
(F13)

where
Ri(1;, ts, ts) = E[”k(%) i (1s) nk(tﬁ)]‘ (F14)

It follows from (25) that the values of n;(.) at any two
different time moments are uncorrelated. Hence, if z; #
ty # ts5, then Ry(f3, t4, ts) = 0. The same is true if 13 =
t4 # t5. Finally, if t; = 1, = &5, then R3 (13, 13, ) = 0 as
the third moment of a zero mean Gaussian distribution,
Therefore,

Ri(ts, 14, t5) = 0,  forallry, #4, 5. (FI5)
Substituting (F15) into (F13) we obtain
E[np () np ()] = 0. (F16)
Combining (F12) with (F16), we obtain
E[nk (1) ns()] =0, Vi, k < K. (F17)

Now, substitute (F17) into (F10), and (F10) into (F9); the
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result is
E[Y(1,) Z(t,)|d] = 0. (F18)
1t follows from (Al4) and (A15) that
E[¥(n)|d] E[Z()]d] =0.  (F19)

Combining (F18) and (F19), we see that the variables
Y(:)and Z(-) are indeed uncorrelated:

E[Y(t) Z(1)|d] = E[Y(1,)|d] E[Z(n,)|d] = 0.
(F20)

ApPENDIX G
DEVELOPMENT OF I'|(fs, tg) FOR THE FILTER WITH
THe IMPULSE RESPONSE (29)

We consider the case ts5, t; = [T + 7 only (the reason
is clear in Section VI-C-2). In addition, let us assume for
the moment that ;5 — 7 < #; < ts5. Then substitution of
(29) into (AS) yields

I
-2
T E
vis— 7T

%
T(ts, t6) L_r exp [rAv|t; — 1] at dr,

i6 n
=772 5 dr, {S exp [rAv (s, — )] diy
5—=7 =7

+ r exp [rAv(t, — 1)] drl}

1 ("

= A .L_r {2 — exp ['n-Av(rs -t — T)]

— exp [7Ap(t; — rs}]} dt,
2[7 — (5 — 15)] . 2
AT (mi'u»—.r)2
. {exp [—m.'\.v('f - (15 - rﬁ))] - 1}. .
_ ' (G1)

Because of the symmetry between t5 and t4 (see the defi-
nition (AS5)), (G1) holds true for tg — 7 < t5 < tg, too, if
(ts — tg) is replaced by (7, — #5). In addition, it is easy
to see that I';(t5, #) is equal to zero if |15 — 15| = 7.
Thus

(Z(T-fd)_'- 2

TAvr’ ( m’.\m‘)z

Ti(ts, ) = J {exp [-wAp(r — 54)] -1},

ifry<r .
L0, ifr = (G2)

where
= |ts — 1) (G3)

Note that if t5 =t = (I + 1) T, then I'_‘l(. ,.) depends on

787
the product A »7 only:
T(Avr) = Ty((I + )T, (I + 1)T)
2 2
- + exp (—wApr) — 11,
TAYT (ﬂ-Apr)zl Pl ) ]
(G4) |

Also note that if 7Apr << 1, then the expan'sion of the
exponent in (G4) into the power series yields

Iy(Avr) = 1 —gﬁvr, if TAvr << 1. (G5)

AppPENDIX H
DEVELOPEMENT OF I';(fs5, fg) FOR THE FILTER WITH
THE IMPULSE RESPONSE (29)

We consider the case when 15, tg = [T + 7 only (the
reason is clear in Section VI-C-2). Then substitution of
(29) into (B8) and (B12) immediately shows that

T3(ts, t6) = 0, (H1)

The case |#5 — 5] = 7 is handled similarly to the devel-
opment of (G1), with the following result:

4
(wA w')‘1

lflts h f6| = T.

{(?rv(r - Id])z - ‘1—2'1— mAv(7T — 1)

T'5(ts, t6) =

16
-3 TAv(r — t) exp (—7Av(1 — 1,))

T
+ (1 — exp (—27Av(7 — fd)))

7 (1 — exp (—dman(r - 1))

+ 0= e e [t 1
+ %Gwm(r — 1;) exp (—7A»(7 = 1))
- % (1 = exp (—mAn(r — 15)))

—2(1 — exp (=2mAr(r — 1))

+ % (1~ exp (~drar(r - fd))ﬂ

+ (1 = exp (—wAnty))

o |~

[l — exp (—wAv(7 — rd))) +1
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—exp (—2w(7 — 1))

118 (1 = exp (—7Av(r - zd)))B

if [ts —t6] = 7 (H2)

where t; = |15 — #5|. Note that if t5 = 1t = (I + 1) 7T,
then I's (., .) depends on the product A »7 only:

T3(Avr) = Tu((1 + )T, (1 + 1)T)

4 1
= (_E_f [(wﬁw)z — — wArr
TAYT

16

-3 TAvr exp ( —mAvr)

+ §9—0[1 — exp (—wAvr))
+ (1 — exp (—27wAr7))

1

(1 — exp (—4xAr7)) ¢ (H3)
T
Also note that if TApr << 1, then the expansion of the
exponents in (H3) into the power series yields

[y(Avr) = £ ( (zAvr)’. (H4)
APPENDIX 1
Spor CHECK OF THE AccURACY OF THE GAUSSIAN
APPROXIMATION

Throughout this paper, a Gaussian approximation is
used for BER evaluation. The actual distribution of Vyis,
however, generally non-Gaussian. To spot check the ac-
curacy of the Gaussian approximation in the considered
problem, the receivers shown in Figs. 1 and 8 have been
simulated on a VAX computer. The results of the spot
check showed that the system BER can be either smaller
or larger than predicted by the Gaussian approximation,
but generally is fairly close (within 6 percent in terms of
the logarithm of BER) to the predicted value.

The computer simulation program was written for three-
branch receivers (K = 3), and performed the following
functions. 1) Let the data d be zero: d = 0. 2) Generate
the phase noise ¢(r) and the shot noise processes
{n.(¢)}§Z7 with zero-mean Gaussian distributions and
PSD’s given by (20) and (23), respectively, for r € [0,
T]. 3) Calculate the voltages {Vk(z)} 1 using (7). 4)
Process the voltages { V(1) }£Z] as shown in Fig. 1 for
the conventional multiport receiver, and as shown in Fig.
8 for the WIRNA receiver; calculate the output voltage at
the decision moment V7. 5) Repeat Steps 2)-4) Ngmu
times; in our simulation experiments, Ny, = 10* for E,
< 30, and N, = 10° for E, = 30 (the latter value of
Ngmu led to CPU times of the order of 90 min per simu-
lation run with fixed values of E, and A»T). 6) Record
the Ngma values of Vi on disk. 7) Using the values of V7
obtained in Step 6), evaluate the conditional PDF of Vy
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by means of the IMSL routine NDKER; see [31] for a
description of this routine. 8) Let the data d be one: d =
1. 9) Repeat Steps 2)-7). 10) Calculate the optimum re-
ceiver threshold T+ at the intersection of the conditional
PDF’s of Vy evaluated for d = O and for d = 1 at Step
7). 11) Evaluate BER as

BER

iP(1/0) + 1P(0/1)

1

o0 Tr
3 ET p(Ve/0)dVy + 1 S_QP(VT/]-) dVy

where P(1/0) is the probability to receive binary 1 when
binary 0 was sent, P(0/1) is the probability to receive
binary 0 when binary 1 was sent, 7r is the receiver thresh-
old, p(V;/0) is the PDF of ¥, conditional on d = 0, and
p(Vz/1) is the PDF of Vy conditional on d = 1 (condi-
tional PDF’s were evaluated at Step 7)).

The software implementing Steps 1)-11) was written in
FORTRAN and run on a VAX computer for A»7T = 0.5.
This value of A»T was selected because it satisfies simul-
taneously two criteria.

1) The theoretically predicted difference between the
performance of the conventional optimized multiport re-
ceiver (Fig. 1) and that of the optimized WIRNA receiver
(Fig. 8) is large, so that it is important to verify whether
this difference is ‘‘real’” or stems from the inaccuracies
of the Gaussian approximation. As a practical “‘rule of
thumb,”” we require the BER difference of at least one or
two orders of magnitude at a certain E, (see below).

2) For the value of E, satisfying the ‘‘rule of thumb”’
in criterion 1), the BER’s for both conventional and
WIRNA multiport receivers must be sufficiently large to
facilitate reasonable simulation times. The BER = 107*
requires roughly Ny, = 10° simulations (i.e., 10° bits
received by a simulated receiver), and leads to the CPU
time of 90 min on VAX for the software implementing
Steps 1)-11). Hence, we require BER’s no smaller that
10~ for the values of E, satisfying the *‘rule of thumb’’
in criterion 1).

Inspection of Figs. 6, 11, and 15 reveals that AyT =
0.5 satisfies both criteria. We note that the criteria used
depend on the purpose of simulation. For example, if the
purpose of simulation were to verify the absolute accu-
racy of the Gaussian approximation, then a different value
of A»T (say, AvT = 0.1) would be more desirable, since
at this linewidth the optimum value of 7/7 for the
WIRNA receiver is small, and there is less likelihood that
the combining (or averaging) of the &, filter would smooth
the decision statistic and make it appear Gaussian. How-
ever, since our purpose is to verify the relative BER ad-
vantage of the WIRNA receiver with respect to the con-
ventional multiport receiver, we must impose criteria 1)
and 2), which do not permit selection of A»T = 0.1 as a
test case. Table II below explains why: it shows the val-
ues of BER for A»T = 0.1 and E, = 100 for both con-
ventional and WIRNA multiport receivers.

Inspection of Table II reveals that the selection AyT =
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TABLE II
THE THEORETICALLY PREDICTED BiT ERROR RATE FOR OPTIMIZED
MuLTIPORT RECEIVERS ArT = (.1 AND E, = 100

Conventional
Receiver Structure Multiport WIRNA-1 | WIRNA-2
BER 10-78 10-2° 10-78

% = SIMULATION RESULTS FOA THE
OPTIMIZED CONVENTIOMAL RECEIVER

WIANA - 1 RECEIVER

LOGARITHM OF BER
&
L=

-4.01 o = SIMULATION RESULTS FOR THE
DPTIMIZED WIANA - 1 RECEIVER : e
-5.071 |
K = WUMBER OF PORTS = 3 \
6. — V-
9% 50

LOGARITHM OF Eb

Fig. 18. The bit-error rate BER versus the normalized signal energy per
bit E,, for the optimized conventional receiver (shown in Fig. 1) and for
the optimized WIRNA receiver (shown in Fig. 8). Solid lines correspond
to the Gaussian approximation. Computer simulation results are shown
by asterisks (*) for the optimized conventional receiver, and by small
circles (O) for the optimized WIRNA-1 receiver. Ninety-five-percent
confidence intervals for the simulation data points are also shown (by
I's); they were estimated using the technique outlined in [32, p. 444].
In all cases, AvT = 0.5.

0.1 satisfies criterion 1) but does not satisfy criterion 2).
Hence, Av»T was selected to be 0.5 in our simulation ex-
periments, since this selection satisfies both criterion 1)
and criterion 2) simultaneously.

Fig. 18 shows the plots of BER versus E;, for the opti-
mized receivers of Figs. 1 and 8. For each value of &,
two values of BER are shown for each receiver, as pre-
dicted by the Gaussian approximation and as obtained
through computer simulations, respectively. Ninety-five
percent confidence intervals for the simulation data points
are also shown;” they were estimated using the technique
outlined in [32, p. 444]. Inspection of Fig. 18 reveals that
the Gaussian approximation is fairly accurate (the inac-
curacy is only 6 percent in terms of the logarithm of BER).
We note, however, that the largest E, investigated by
means of computer simulations was 56. The reason is that
with £, = 56 more than 90 min of the CPU time were
needed to obtain one point on Fig. 18. Reduction of BER
by an order of magnitude would increase this already long
time by another order of magnitude, making the entire
computer simulation approach impractical for lower
BER’s.

To understand why the Gaussian approximation pro-
vides reasonable accuracy, consider the conditional PDF’s

"For some simulations points (e.g., most of the points corresponding to
the optimized conventional receiver) the confidence intervals are so small
that they map on the simulation points themselves.,
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Fig. 19. The conditional PDF’s of the decision variable. In (a), the scale
was chosen to show the entire curves. In (b), the scale was changed to
show the structure of the “‘tails.”’ In both parts, solid lines correspond
to the Gaussian approximation, and broken lines correspond to the PDF’s
obtained via computer simulations. Numerical data: ApT = 0.5; E;, =
41.

of the decision variable (Fig. 19). Inspection of Fig. 19
reveals that while the Gaussian approximation ‘‘puts’’ the
threshold in a wrong place, the total error probability (as
estimated by the area below the ““tales’’ of the PDF’s) is
roughly the same for both Gaussian and simulation PDF’s
if the threshold is selected optionally as per step 10) of the
simulation software,

To summarize, the spot check of the accuracy of the
Gaussian approximation by means of computer simula-
tions reveals that the Gaussian approximation is fairly ac-
curate (within 6 percent in terms of the logarithm of BER)
in the case considered. The study was conducted for a
limited range of E, due to practical limitations imposed
by the long CPU times required.
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