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1. Introduction
Conventional homodyne detection employs a continuous-wave (CW) local laser oscillator (LO) to achieve down-
conversion of the optical signal to the base-band and amplification simultaneously. Recent experiment on homodyne
detection of 12.5 Gb/s binary phase-shift-keyed (BPSK) signals using pulsed LO showed that the receiver sensitivity
is at least 2 dB better than that for CW LO [1]. Pulsed LO also offers pulse shaping capabilities [1] and the potential
of optical demultiplexing of OTDM signal not shared by CW LO. The performance of optical phase-locked loop
(OPLL) using pulsed LO, however, has not been reported to the best knowledge of the author. In this paper,
theoretical comparison of the performance of balanced and Costas OPLLs using pulsed and CW LO is described.
Analytical expressions of the total phase error variances for the two types of OPLLs as a result of laser phase noise,
data noise, and shot noise for pulsed LO in terms of those for the CW LO are presented.

In this analysis, the pulsed LO is produced by a push-pull type Mach-Zehnder modulator (MZM) with an output

optical field at a carrier frequency f.: EL, (1) = E, sin [ 40 /( 2, )] e/27 1t where V,1s the MZM’s half-wave voltage
and the driving voltage of the MZM is V(t)=V, [kb — ky sin (k dwmt)] /2. The RF modulation frequency, @,/(2m),

equals to the symbol rate (1/7}) of the optical signal to be mixed with the LO. Fig. 1a shows values of &, &, and &,
that produce pulses with duty cycles of 50, 35, and 65%. The 65% duty cycle case is not considered here since it is
not suitable for the OPLL due to carrier-suppressed pulses. The duty cycle is defined here as the ratio of the average
power to the peak power of the pulse. For fair comparison, the average power of the pulsed LO is assumed to be the

same as the CW LO (<) ). Therefore, the pulsed LO power, proportional to ‘ EF, (1) ?, can be expanded as follows:

Pl (1)=(PS /D){D —cos(;rkb/2)zzj[,]n (mk, /2)cos (nk,,,t)] - sin (zk, /z)zzﬁ[l}" (rk, /z)sin(nkdwmt)}}, (1

and \/PLPO (1) = \/(PLCOW /D) {sin(xk, /4)J, 7k, /4) +summation of termsof sin (nk,,,t)and cos (nky@,,t)} » (2)

where D =[1-cos(rk, /2)J, (nk, /2)]/2 is the duty cycle and J, (+) is the n" order Bessel function of the first kind.

Balanced and Costas loops are two well-known OPLLs. Many theoretical analyses on their performances with
CW LO have been reported previously [2,3]. Similar analysis can be applied for pulsed LO taking into account of its
time-varying response. Figs. 1b and 1c show schematics of the two OPLLs. The performance of an OPLL can be

quantified by the phase error ¢, and its variance 0';(‘ with @, (t) = ¢, (t)—¢,,(t)—¢.(t), where ¢r, and ¢, are the

transmitter and local laser phase noise, and ¢, is the controlled phase to the LO. For balanced OPLL, the total phase

. . 2 2 2 2 . . . . .
error variance is 0, =o0; +0, +0, where the terms on the right side represents independent noise processes: signal

and LO laser phase noise ( 7 ), shot noise (o7 ), and data-induced noise (&; ) [2]. For Costas OPLL, the total phase
error variance is 0'; =0/ +0. with no contribution from data noise [3]. Detail derivation of 0';’ for the two OPLLs

with pulsed LO is quite lengthy therefore only results are presented here. The analysis assumed that the phase error
is small so that the OPLL is tracking the phase which means sin[@.(¢)] = ¢.(¢) and cos[@.(f)] = 1. Also, the OPLL has
a first-order low-pass loop filter (Figs. 1b and 1¢) with a bandwidth much smaller than the symbol rate of the signal
which is typically the case [2]. The data signal is assumed to be non-return-to-zero (NRZ) format. For fair
comparison, parameters such as the loop filter time constants (7; and %) and the loop gain (G;) are assumed to be
the same for both CW and pulsed LO [2]. Equations (1) and (2) were used to derive the noise power spectral
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densities for the phase error variances for pulsed LO in terms of those for CW LO. Except for the laser phase noise

()" dw, where

induced phase error, the phase error variance can be evaluated via the integral: [, = J ) G |H,,

Hp; (@) depends on the transfer function of the loop filter, H;« @), and G; is the power spectral density of the
2
various noise processes [2]. For balanced OPLL, G; is proportional to ‘F {PLPO (t)d(t)}‘ and |F{ns (t)}|2 for data

and shot noise induced phase error, where F{.} denotes Fourier transform, d() varies between +1 represents the

R (a0, (1)

noise induced phase error. Using Fourier transform properties and the limited bandwidth of the loop filter, it can be
shown that all the sin(nk,@,t) and cos(nk,m,t) terms in Eq. (1) and Eq. (2) do not contribute to the integral /; and can
be dropped. As a result, the phase error analysis can be significantly simplified resulting into analytical expressions
of the phase error variances for pulsed LO for balanced and Costas OPLLs. These results are presented next.

2
binary NRZ data, and n,(?) is the shot noise. For Costas OPLL, G; is proportional to for shot
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Fig. 1. (a) Parameters of pulsed LO. (b) Balanced and (c) Costas OPLLs. LO: CW or pulsed. BP: balanced photoreceiver.

2. Balanced OPLL
The phase error variance due to laser phase noise for a beat linewidth of Av using CW LO is given by [2]:

Oy = ZEAV/(fcww,fVW), where @ =\J4;" G, [7,, & =w;"7,, 4]" =2C,\|P P cos(8), C, is the product

of the transimpedance gain (G7) and the photodetector responsivity (R), Ps and PL%W are the average optical powers

of the signal and the CW LO, 6 < m/2 is the phase angle of the incomplete modulation to produce the required
residual pilot carrier (full modulation: € =m/2) [2]. The natural frequency and damping coefficient of the loop are

" /(27;) and &% /2, respectively. For pulsed LO, the laser phase noise induced phase error variance is

0',2_P =27Z'AV/(§PQ):) with wf :JALCW GL/T1 /\/B_,:a)fW/\/B_, and §P :wfrz :aJnCWTz/\/B_,:;ZCW/\/BT where
B, = x/B/[sin(;rkb /4)J, (7k,/4)]. Therefore, we obtain o] , = ZHAv/(é:ow) =B, ZHAv/(é:CanCW ) _Bol .

The phase error variance due to data noise for CW LO is given by [2]: O'gfcw =2T, tan’ (H)BEZ, where

By = [wfw/(%‘w )][H(écw )2} For pulsed LO, o> , = 27,B} tan® (6) BL,, / B} = 2T, tan® (0) B}, is the data noise

induced phase error variance where B;,, = [wf/(4§P )][H(f” )2} =B, [H(&CW )Z/B, ]/[1 + (.ff"w )2] Therefore, one

obtain for the phase error variance due to data noise for pulsed LO:
o, p=2T, tan’ (6) By, [1+(§CW )Z/B, }/[H(/,ZCW )2} =B,0, .y , Where B, = [1+(§CW )Z/B, }/[H(/,ZCW )2} .
The phase error variance due to shot noise for CW LO is given by [2]: 0. ., = (ZqRPLCOWGi )BﬁZ / (ALCW )2 . For

2
pulsed LO, the phase error variance due to shot noise is o7 , =B,ZBd(2qRPLC0WG§)B§Z / (ALCW) =B'B,C. -
Therefore, the total phase error variance of balanced OPLL for pulsed LO in terms of that for CW LO is
O';ﬂ_ » =B,0 ¢y +ByCs_y + B} B,0. . Using pulsed LO parameters shown in Fig. 1a and assuming & / 2= 1/ V2
for typical damping coefficient, the total phase error variance of balanced OPLL for pulsed LO in terms of phase
error variances for CW LO for 50 and 35% duty cycle of the LO pulse is



JWB24.pdf

2 {1 174207 oy +0.90110, ., +1.242467 ., , for 50% duty cycle,

1.249607 .,y +0.86680 .,y +1.353607_,,, for35% duty cycle.

The increase of the laser phase noise and shot noise induced phase error variances for pulsed LO is due to the
reduced field amplitude of the optical carrier of the pulsed LO since its average power is the same as the CW LO.
The data noise induced phase error is lower for pulsed LO due to reduction of the effective bandwidth of the OPLL
caused by the reduced carrier field amplitude of the pulsed LO. Intuitively, the data noise effect should decrease
since the un-intentional tracking of the low-frequency data-noise by the loop is less effective with a reduced optical
carrier amplitude of the pulsed LO. To estimate the receiver sensitivity penalty due to the phase error for pulsed LO
relative to CW LO, Gaussian distribution was used to approximate the phase error statistics in order to simplify the
error probability calculation. The error probability is therefore given by [2]

[1/ 2\/_O'¢ ]J. erfc[ 2Ng sin’ (9+¢6)}exp[—¢j/(2a¢i )]d@ R
where Ny is the received number of photons per bit. Assuming that the shot noise induced phase error dominates all
other noise process so that o, ., =07 oy =0, »=B/B.0. oy =0, ,~B/B,o, . Therefore, for
04 _cy =5°(10°) the standard deviation of the phase error for pulsed LO is 5.5732° (11.1463°) and 5.8171°
(11.6343°) for 50 and 35% duty cycle, respectively. This gives a receiver sensitivity penalty for pulsed LO relative
to CW LO at 10” bit-error-rate of about 0.03 (1.26) and 0.044 (2.15) dB for 50 and 35% duty cycle with 8= 80°.

3. Costas OPLL
Due to the multiplication process in the RF mixer (Fig. 1c), second order noise terms are generated but these terms
are negligible and were not included in the analysis. The phase error variance due to laser phase noise is [3]:

O oy = 27A v/ (§CW CW) for CW LO. For pulsed LO, it can be shown that the phase error variance is

o, :ZEAV/(fpwf):zﬂAv/(éw CW) Ol ey -
The phase error variance due to shot noise for CW LO is o ., =(g/ RPS)(ZBgLPZ) [3]. For pulsed LO, one can

show that o7 , = (l/ B ) q/RP,) (ZB}(,Z) (l/ B ) O._cw » Where g is the electronic charge and B, is defined in the
previous section. Therefore, the total phase error variance for pulsed LO in terms of those for CW LO is
O';ﬂ_P =0, oy + (1/ B ) 0._c - Note that the multiplication process produces cross terms that are not present in the

balanced loop analysis. The laser phase noise induced phase error variance remains the same as that for CW LO due
to the term F{PL[;) (t)o, (t)} H,, () that can be approximated by P F{¢, ()} H,. (@) using Eq. (1). For the shot

2
noise induced phase error, evaluation of the term ‘F { P (¢)d (t)n, (t)} leads to the coefficient 1/ B/ . Therefore,

the total phase error variance for pulsed LO in terms of phase error variances of CW LO for 50 and 35% duty cycle
of the LO pulse is

) {0'12 cw +0.72530'§2 cw » for50% duty cycle,
¢-P =

O _cy +0.64040° (W, for 35% duty cycle.

In summary, theoretical comparison of phase noise performance of balanced and Costas OPLLs using CW and
pulsed LO was conducted. Analytical expressions of phase error variances for pulsed LO in terms of CW LO are
presented. For balanced OPLL, the laser phase and shot noise induced phase errors are higher for pulsed LO while
the data-induced phase error is lower for pulsed LO. For Costas OPLL, CW and pulsed LO have the same
performance except for shot noise induced phase error which is lower for pulsed LO. Phase error variances due to
ASE noise for the two OPLLs with pulsed LO have also been derived. Details of the results will be presented.
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