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Abstract: Detailed analysis of a novel highly linear phaseked coherent optical demodulator is
presented. We investigate how loop gain, phase-tatmtu non-linearity and amplitude
modulation influence the Signal to Interferencei®RéSIR) of the demodulated signal.
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1. Introduction

Intensity modulated analog optical links have Itegn limited in performance by the nonlinear respanf optical
modulators [1]. The underlying reason for thishattthe response of optical intensity modulatortasd-limited’

by zero and full transmission. In contrast, optighhse modulation has no fundamental limit to maiiloh depth
besides that given by the available modulation eaimgoptical phase modulators. The challenge tdémpnt a
linear phase-modulated optical link lies in theefiger structure. A traditional coherent receives laasinusoidal
response limiting the overall dynamic range of dpical link [2]. In this paper, we investigate avel optical
phase-locked receiver that overcomes the nonlitysasue. By locking the local oscillator phasetwide received
optical phase modulation, the net signal-LO phafferdnce remains sufficiently small to fall withite linear
range of the receiver. However, to achieve a hghdiwidth phase-locked receiver, compact semicondttase
modulators have to be used to keep loop delaycserffily low. These modulators can have a nonlimegponse,
and therefore it is essential that the limitatifnasn nonlinear phase or amplitude modulation atly funderstood.
However, by default, the linear loop approximatisnnot well suited to evaluate nonlinear loop bébtain a

rigorous manner [3]. This is particularly true wheeveral cascaded sources of nonlinearities arsicened. In
order to investigate these issues accurately, a-tiomain model of the phase-locked demodulatoeiskbped,
which is in good agreement with initial experimeémesults [4].

2. Modd set-up

The set-up of the phase-locked optical demodulatoryhich we base our model, is shown in Figure 1.
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Fig. 1. General outline of phase modulated optinkland phase-locked optical demodulator at theirer unit.

The received RF signa,, is used to directly modulate an optical phase utaddr at the remote antenna unit. The
optical signal is then transported to the receivet where the optical signal phage, is compared to the reference
phase (signal}p.o, using the balanced detector pair with load rasist R. The signal from the balanced detector
pair, containing the phase difference betwggandg, o, is then passed through the loop filter (low paas)jplified
and applied to the LO phase-modulator. A singledasurce is used for both the remote and thewecanit. The
desired demodulated signal is the electrical sitag@gbed before the LO phase-modulator. When thet iRp signal
consists of relatively closely spaced frequenctls, nonlinear response of the balanced detector,ph&se-
modulator and residuals of amplitude modulation wisult in intermodulation distortion of the denutated signal.
3“order intermodulation products are especially irgmttrbecause they may set the Spurious Free Dyriaarige
(SFDR) of the system [2]. The demodulated signaghen characterized by the Signal-to-Intermodutafiatio
(SIR) which is the ratio between the power of teenddulated signal and®®rder mixing product. Based on the



model depicted in Figure 1, a set of non-lineafedéntial equations describing the system are ddriihe
equations include the effects of the cascaded ineadlity of the phase detector, LO phase-modulator residuals
of the amplitude modulations. Loop gain is defim:dK:/r(PSPLo)l’ZAdeR._/V,,zLF, whereP;andP o: are powers
of the optical signals at couplers inpét, gain of the amplifierR,: responsivity of the photodiodeR,: load

resistance and,r: inversely proportional to the BW of loop filter. (\dssumed equal for both modulators).

3. Effects of loop gain and phase-modulator nonlinearity

In Figure 2(a), Signal-to-Intermodulation Ratio R$lis computed as a function of the loop gain wtten ratio

between loop filter bandwidth and the RF input aigitequency, (f/f'y), is varied. RF signalps, includes two
closely spaced frequenueégafnd f.. The intermodulation is the magmtude of the ngxierms (k- 12, 2f2 fly).
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Fig. 2. RF input sig. modulation depthgr/2. (a) SIR of the demodulated signal as a funatiomormalized loop gain for selected
values of the ratig,f/f's. (b) SIR of the demodulated signal as a functibie ratio ¢/c;of the LO phase-modulator. Quadr.. term: 0.

Figure 2(a) illustrates that as the ratig,/(ff'y), is increased, the performance of the phase-tbckemodulator
improves in terms of SIR, i.e. the SIR of the demlatéd signal increases for the specific valuéneflbop gain. As
the ratio, (f/f'y), is significantly increased, the SIR convergesrtiiermore, the slope of the SIR line is
approximately 3. Fig. 2(a) can be used to deterrtfieerequired value of the loop gain in order tdaob the
specific values of SIR. One of the key challengesreating a linear demodulator is the linearitytef tracking LO
phase-modulator. The phase-change vs. voltage abastic of the LO phase-modulator is nonlinead &mereby
reducing the SIR of the demodulated signal. Usu#lihe phase-modulator is operated in push-pafifiguration,
the even terms in a polynomial expansion of thespfraodulator response around the bias point caaheelled.
Thus, the cubic term is the one of most concerrFifjure 2(b), SIR is computed as the ratio betwdenlinear
term (g) and cubic term ¢ of the LO phase- modulator response. In gen#ral SIR decreases as the ratiwc
decreases. The values afcg for which SIR starts to decrease are loop gaireddgnt since the nonlinearities of
the LO phase-modulator become more enhanced dsapeain is increased. For the loop gain of K=1Wrdd/s,
the ratio ¢/c;needs to be >th0 maintain the SIR of 90 dB. Even though mixiagis from even-order nonlinear
terms in the modulator response will have frequesisieparated from a band-limited signal, the effécascaded
nonlinear components will mirror these mixing tertwsck into the signal band. It is therefore neagssa
investigate the effect of the quadratic tergn la Figure 3(a), SIR of the demodulated signatasnputed as a
function of the ratio fc; for the selected values of/G ratio. The results in Figure 3(a) show that fon+zero
values of g, there exist a combination of and g for which the & order mixing product is minimized, i.e. peaking
(resonance) of the SIR. The resonance peak movwesds lower values of;as ¢ is decreased. In the presence of
quadratic nonlinearity,¢he SIR curve approaches the cas®a@s gis increased. In this case the SIR is limited by
the cubic term of the LO phase-modulator respdrselow values of gthe SIR is limited by the quadratic term, as
shown in Figure 3(a). In Figure 3(b), the SIR istf@d as a function of the ratig/ when g/c,=300, as the
modulation depth i of the input RF signaps is varied. It is observed that the value of theorey/cs for which the
resonance occurs remains approximately the sanhe thom level of the SIR is changed, i.e. as modohatiepth
increases SIR decreases as expected.

4. SIR degradation due to amplitude modulation

In addition to nonlinearities of the LO phase-madatf, any residual amplitude modulation, as wowddekpected
in practice, may affect the performance of the déutetor in an adverse way. The normalized E-fattplitude of
the LO signal can therefore be expressed ag|/fe=1 + Dip o+D.0% o+Dsp% o+... where Ais the E-field
amplitude of the LO signal in the absence of amgét modulation. P(x=1,2,3...) represents the terms of the
polynomial expansion of the amplitude modulateaaigin Figure 5, the SIR of the demodulated sighabmput-
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Fig. 3. (a) SIR of the demodulated signal as atfan®f C;/Cs. The ratioC;/C; takes values: 100, 200, 300, 4(i) SIR of the demodulated
signal as a function &1/Cz for selected values of modulation dqu,s of the input RF signalC{/C,=300.

ed as a function of Dwhere x=1,2 and 3. We assume that termsvRere x>3 are negligible, as it would be
expected in practice. Figure 4 shows that ag§Q=0 for x=2,3) is increased beyond 5X10V the SIR starts to
decrease. When,Ds varied (Q=0for x=1, 3) resonant behavior of the SIR, simitmFigure 3(b), is observed, i.e.
there exist a value of ffor which the & order mixing product is minimized. We observe, Fegd, that the effect
of D, is more deteriorating than that of Bor the case whenjls varied (Q=0for x=1, 2), the SIR is not affected.
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Fig. 4. SIR of the demodulated signal as a funaioy for x=1,2,3. (g,¢3)=0.

When D=0.001 1/V and Bis varied, the SIR is degraded for low values g&Dce the SIR is in this case limited
by the linear term P Furthermore, the shift in resonant peak towaigbdr values of Bis observed.
5. Conclusion
A detailed numerical model, including the systemlimearities, of the novel phase-locked optical ddaiator has
been presented. LO Phase-Modulator (PM) nonlirieariseverely limit the SIR of the demodulated signa
However, in the presence of quadratic LO PM noaliitg, there exists a range of values of the ratig; for which
the SIR can be maximizeld.the quadratic term is fully cancelled the cubeem of the LO PM should be app. <
5010“ in order to maintain high values (>90dB) of SIRalpthe linear and the quadratic term of the amplkt
modulation limit the SIR.
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