Dynamic range enhancement of a novel
phase-locked coherent optical phase
demodulator

Darko Zibar, Leif A. Johansson, Hsu-Feng Chou, Anand Ramaswamy
and John E. Bowers

Department of Electrical and Computer Engineering, Unsigrof California, Santa
Barbara, CA 93106

dz@ece.ucsh.edu

Abstract: We report on a novel cancellation technique, for reducing
the nonlinearity associated with the tracking phase-natdulin recently
proposed phase-locked coherent demodulator for phaselatedwanalog
optical links. The proposed cancellation technique is inRE signal
power and frequency independent leading to a significante@se in
dynamic range of the coherent demodulator. Furthermoreg,téthnique
demonstrates that large values of the signal-to-interiatidn ratio of the
demodulated signal can be obtained even though the trapkiage modu-
lator is fairly nonlinear, and thereby relaxing the linéarequirements for
the tracking phase modulator. A new model is developed amddlculated
results are in good agreement with measurements.
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1. Introduction

The use of optical links for the transmission of RF signala subject of considerable inter-
est for future commercial and military systems [1, 2]. Iisighmodulated analog optical links
have been limited in performance by the nonlinear respohgptal modulators [1]. The un-
derlying reason for this is that the response of opticahisity modulators is 'hard-limited’ by
zero and full transmission. In contrast, optical phase raiiun has no fundamental limit to
modulation depth besides that given by the available méidulaange in optical phase mod-
ulators. The challenge to implement a linear phase-moeilaptical link lies in the receiver
structure. A traditional coherent receiver has a sinusogigponse limiting the overall dynamic
range of the optical link [3]. We have recently proposedpthécally investigated and ex-
perimentally demonstrated a novel coherent optical pladeed demodulator with feedback
[4,5, 6, 7] resulting in 15 dB of SFDR improvement comparethtmtraditional approach. The
concept of this novel receiver is illustrated in Fig. 1. Theput from the phase demodulator (a
balanced optical mixer) is amplified and filtered by eledzsnand then feed back to a local
tracking phase modulator. Within the loop bandwidth, tHeatfof the feedback is to reduce
the difference in phase between the local optical wave amdéitoming wave. Therefore, the
effective swing across the phase demodulator is reducsdltirey in an improved SFDR. This
reduction could also be obtained by reducing the modulatepth at the transmitter but the
signal-to-noise ratio (SNR) is reduced as a consequenaanimnast, in the proposed receiver,
both the signal and the noise swings are reduced by the sastte fdoop gain), retaining
the SNR while improving the SFDR as shown in [4, 6]. Howeverathieve a high band-
width phase-locked receiver, compact semiconductor pimastilators have to be used to keep
loop delay sufficiently low. These modulators can haveyaidnlinear response significantly
limiting the dynamic range of the receiver [9]. Furthermdfe modulator distortion usually
dominates over photodiode distortion and compensatinghi®modulators nonlinearities is
therefore of significant importance [1]. In this paper, tpact of system nonlinearity, associ-
ated with tracking phase modulator, on the demodulatechbmye determined in terms of the
signal-to-intermodulation ratio. Furthermore, we prapasnethod to cancel out nonlinearities
associated with the tracking phase modulator and inhgreatilinear response of the balanced
detector.

2. Novelty of thework

A review of different linearization (cancellation) techjoes can be found in referen{&. So
far, linearization techniques have been applied to intgmsodulated analog optical links and
mostly concentrated on the transmitter side. In many cdbkedjnearizer circuit was design
to cancel either quadratic or cubic nonlinearity and cdatieh of nonlinearities occurred in
relatively narrow band (input RF signal power and frequéfi@ly We show that we can simul-
taneously cancel nonlinearities associated with the lbathmeceiver and tracking LO phase
modulator by purely adjusting the loop gain and tailoring tionlinearities of the tracking LO
phase modulator. No extra circuitry is needed in order taiolkihe cancellation. The proposed
cancellation technique in this paper is frequency and pamdependent and has not been re-
ported previously. Furthermore, the overall receiver epds novel for linear optical phase
demodulation, and as such, the first paper providing detaitalysis and deeper understanding
of the receiver must therefore be not only novel but also useful.

3. Model set-up

The set-up of the phase-locked optical demodulator, ontwvie base our model, is shown in
Fig. 1.
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Fig. 1. General outline of phase-modulated optical link and phase-dagécal demodu-
lator at the receiver unit.

The received RF signalfis(t) is used to directly modulate an optical phase modulatoret th
remote antenna unit. The corresponding optical sighlt), see Fig. 1, is then written in
complex notation a&:

Ein(t) = v/Pnel (@ () @

wherewy is the optical frequency and, is the power of the optical field. Taking into con-
sideration the nonlinearities associated with the (inphgse-modulator located at the remote
antenna unit the phase of the optical sigggl(t), is expressed as:

@an(t) = n\\//::) <1+ a1{a/i_invm(t) + a:/32vl%(t)> @)

whereVyin is the voltage of the input phase-modulator, in order to inbtaphase shift and
a1, a2 andas represent the terms of the polynomial expansion of the inmdulator nonlinear
phase response. In order to characterize dynamic range dethodulator, the input RF signal
Vin(t) is assumed to consist of relatively closely spaced tonds [10

Vin(t) = Vi sin[cort] +Va sin[oopt] 3)

whereV; andV;, are the amplitudes of the input RF signals andand w, are the input RF
signal frequencies. The optical sigr&j(t) is then transported to the receiver unit where its
phase, is compared to the phase of the local optical sknsit), using the balanced detector
pair with load resistanci,_. A single optical source is used for both the remote antenddtee
receiver unit. The optical LO signdt o(t), is thereby expressed as:

ELo(t) = /Ro(t)el @ aol) @

where@ o(t) is reference phase (signal) and is function of the feedbamfi parameters, see
Fig. 1 andP o is the power of the optical fiefd Following Fig. 1 after the 3-dB coupler, we
have in one arm:

_ %ﬂenaw«nnm—n/a n \% /Ao t)el @+ ot~ ©)

1The scalar notation is used for bd (t) andELo(t) by assuming that the two fields are identically polarized.
2Due to the residual amplitude modulation of the tracking LOsehmodulatoP o will be time dependent. This is
explained in more details later in the text

Ea(t)
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The output of the second arm is:

_ %Meﬂwwww + % Ro(t)el (@02 ©)

where in equations (5) and (6) an ideal coupler has been askura. equal splitting ratios.
Taking into account the non-linearities associated with ghotodetectors, the photocurrents
generated in each branch of the balanced recdiMg, andl»(t), containing the phase differ-
ence betweem, (t) and@ o(t) are then expressed as:

Ea(t)

ba|Es()1? b3|E1(t)|3>

b)) = RelEaf(1+ 22 A

3 n
= Roe S (R0 o~ VAT St ~ o)) ()

by|Ex(t)[? N bs|Ex(t)[®
b1 b1

o0 = RulEa)?(1+
S b1 1 . .
= denzlbl<2pm+2PLo(t)+ RnPLo(t)Sln[dJin(t)—¢Lo(t)]> (8

whereR,q is the responsivity of the photodetectors and is assumeal éoyuboth photodetec-
tors. b, represent the terms of polynomial expansion of the noralinesponse of the photodi-
odes andh is an integer. In practise, it is only necessary to congiderl..3.The output signal
from the balanced photodetector pair with load resistaRceontains the phase difference
betweeng, (t) and@ o(t) is expressed as:

Vpu(t) = R (I2(t) = 11(1)) 9)

The signaVpq(t) is then used to control the feedback loop. (After the loopettagiired lock, the
phase differencein (t) — ¢Lo(t) will approach zero.) The sign&lq(t) is then passed through
the loop filter (low pass) and amplified:

dVout _ A[Vpd(t) _Vout(t):|
dt TLE

wheret r = 1/2mf ¢ is inversely proportional to the bandwidth of the loop fileerd A is

the gain of the loop filteMVy () is the output of the loop filter and the desired demodulated
RF signal.Voui(t) is then applied to the tracking LO phase modulator. The pkasgoltage
characteristic of the LO phase modulator is nonlinear. &tice, for the semiconductor phase
modulators the quadratic and cubic nonlinearity terms ddiinate over the higher order
terms, and the phase-voltage relation can thereby be squtes:

(10)

ol = g (1

C2 C3 2
Vout(t) + ——— V5t 11
g Vou0)+ o VD) 1)

wherecs, ¢, andcg represent the terms of the polynomial expansion of the L&@haodulator
response. In addition to nonlinearity associated with phas voltage characteristic of the LO
phase-modulator, any residual amplitude modulation, addvibe expected in practice, may
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affect the performance of the demodulator in an adverse Taynormalized E-field amplitude
of the (optical) LO signal can therefore be expressed as:

Ro(t) _ Awo(t)
P Ao
whereA if the E-field amplitude of the LO signal in the absence of datage modulation. In

order to determine the overall dynamical response of the, lte total phase error is defined
as:

= 1+ D1Vou(t) + DaVE,(t) + DaViay(t) (12)

@(t) = ¢in(t) — ¢Lo(t) (13)

Taking the derivative of equation (13), (11) and (2), we obthe differential equation describ-
ing the total phase error in the loop expressed in its gefhemnal as:

d m
a% — (Vi cogwnt] + wpVo cogwnt])
dt Vn"m
2a; . . 3a; . .
(1+ 2 (Visin[eort] +Va sinfaopt]) + g (Vlsln[aht}+V23|n[w2t])2>
alVrr,in 1 r[’in
A 2c; 3c3 |2 )
— 1+ Vout(t) + ———VE,:(t) | (Vpd(t) —Vour(t 14
TLFV7T,LO< VLo ou() C1V7%|_o out) ] (Vpu(t) ~Vou(1)) (14)

It should be noted that Eq. (14) includes the effects of cdetaources of nonlinearities associ-
ated with the input phase modulator, sinusoidal responsigedfalanced receiver, photodetec-
tors and tracking LO phase modulator, giving a good insigtt demodulators dynamics. We
are therefore going to base our model on Eq. (14) and (10)oByng Eq. (10) together with
Eg. (14), the desired demodulated sigMali(t), is obtained characterizing the overall nonlin-
ear response of the loop. Eqg. (14) and (10) are first ordedinear differential equations and
their solutions can be obtained numerically.

When the input RF signal consists of relatively closely sgdtequencies, the nonlinear re-
sponse of the loop components will result in intermodulatitistortion of the demodulated
signal. 3rd order intermodulation products are especiailyortant because they may set the
Spurious Free Dynamic Range (SFDR) of the system [10]. Theodelated signaVou(t) is
then characterized by the Signal-to-Intermodulation&®g&iR) which is the ratio between the
power of the demodulated signab(or a,) and 3rd order mixing product & — ay, 20, — ).
Loop gain is defined as = (11y/PnPoARyRL) /VirLOTLF -

4. Linearity analysis based on perturbation theory

The time domain numerical model, based on nonlinear difttakEq. (14) and (10) is of rather
complex nature and there are many parameters involved. ddelris therefore detailed and in
good agreement with experimental results, as it will be shiowsection 5. However, due to the
complex behavior of the nonlinear systems, it may be cunalnegdo interpret its results. In this
section, we therefore derive simple approximate analytixgressions which are qualitatively
in good agreement with time domain numerical model. Theyical expressions are going
to be used to interpret results obtained by the detailed diomeain numerical model. For sim-
plicity, the loop filter and nonlinearities associated vilie photodetectors are not considered.
FurthermoreYy is assumed equal for the input and tracking LO phase modulato

LetVie£(t) denote the signal incident at the tracking LO phase moduleiten the loop is open:
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Vier(t) = 2Rogy/ mPLoRLAsm[ (1) - (voua>+c'2v§ut<t>+d3v§ut<t>)m}

VnO

Q

2Rpd v/ PlnH_ORLASin[(Ib]"‘Gl{ n(t) —Vout(t) 0/2 3ut(t)]
2
- Gz[vinm—vom() V(1) — V3 >}

3
~ Gs [vma) —Vout(t) — ChVgu(t) — c’svc?mm}
(15)

where ¢, = ¢3/(ciVnlo), € = cg/(clv,%Lo) and @ is a constant. G; =

(2Rpgv/PnPLoRLATICOg @) VLo, Gz = (2Rpav/PnRORATsIN@])/2VE o and
Gz = (2Rpav/ .nPLoRLAnscos{qb])/ LO However, since the DC term is out of the
signal band and it is filtered away when the loop is locked, Wwese not to consider the
DC term. Since the response of the optical phase demoduafidoe nonlinear due to the
inherently nonlinear response of the balanced receivacking signalVie¢(t) is a nonlin-
ear function), the output signal of the demodulady,(t), after locking the loop can be
approximated as [10]:

Vout(t) = AwVin(t) + AgVia (t) + AVi3 (1) (16)

whereA;, A, andAg are constants. We assume that 3rd mixing prodet () will have larger
impact on the SFDR than the second order mixing proéu¢f (t) and we chose therefore not
to consider the second order mixing product. Furthermde jriput signaM,(t) consists of
closely spaced tone¥iy (t) = Vi sinfat] + Vi sinfayt]. In order to findA; andAg, we lock the
loop Viet(t) = Vout(t) and insert Eq. (16) in (15). Using the method of harmonic megathe
coefficientsA; andAg are found. The demodulated signdly:(t) is then expressed as:

_ (c5G1 + G3—2G:6,Gf)
(1+Gp)4

Itis observed from Eq. (17), that for a specificby adjusting the loop parameters, the 3rd order
mixing product of the demodulated signal can be (theorgfidarought to zero, i.eAz = 0. In
other words the feedback circuit in combination with secordkr nonlinearity associated with
tracking LO phase modulator response, results into caatiail of 3rd order mixing product of
the demodulated signal.

Via() (17)

In addition to nonlinearities of the LO phase-modulatory amsidual amplitude modulation
would be present as explained in section 3. We therefore toeiedestigate the impact of the
residual amplitude modulation on the SIR. Inserting Eq) @& (16) in (15), and locking the
loop Vet (t) = Vout(t), the output signal can be expressed as:

Gl yot) - <zezd2(3§ + D166, + Gy + 3G — DG} ~D1GiGo | 3 @
(1+Gy)* in
(18)

The result presented in Eqg. (18) is encouraging since thénmamities associated with the
tracking LO phase modulator can be cancelled out. Eithgy fgain can be used in order to
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obtain cancellation of the nonlinearities, or for a spedificp gain the tracking LO can be
tailored such that the nonlinearities cancel out.

5. Experimental results

The simulation results shown in this section and next sestéwe obtained by the detailed time
domain numerical model based on Eq. (14) and (10). The expaial set-up, similar to Fig.
1, was constructed in order to verify the model [4]. The ekpental bandwidth is limited by
the time delay imposed by the discrete components of thévezcén integrated version of the
receiver is necessary to scale to GHz operation.

T T T T T T T T T T T

350 = Experiment 4 66 = Experiment
Simulation 65} Simulation
300 b 64} E
>
£ 250t | =%
) S 62t J
@
> 2001 1 & 61} ]
60 4
150 4
59 J
100 T T T T T T 58 . L L ; . . L
5M 10M 15M 20M 25M 30M 35M 0,65 0,70 0,75 0,80 0,85 0,90 0,95 1,00
Loop gain K [rad/s] M, /mt
(@ (b)

Fig. 2. (a) One tone measurement. Output of the balanced photodg¥ggto), as a func-
tion of loop gain. (b) Two tone measurement. SIR as a function of inpoasigodulation
depth,Mjp.

In Fig. 2 (a), a one-tone measurement is shown together withlation results. Due to the
experimental bandwidth limitation the input RF signal fneqcy is onlyf; = 150 kHz and the
loop filter bandwidth is 1.1 MHz. The amplitude of the signBitabalanced photodetection,
Vpd(t), is plotted as a function of the loop gaik, Experimental and simulation results show
that as the loop gain is increased, the amplitud¥fft) is reduced, i.e. the linearity of the
demodulator is improved. Good agreement between the empetal and simulation results
is obtained for one tone measurement. In Fig. 2 (b), restltseotwo tone measurement are
shown together with the simulation results. The SIR is plbtis a function of the modulation
depth,Min = (71/Vrin)V1, of the input RF signalV; is the amplitude of the input RF signal
and is assumed equal for both tones. The input RF signal éresies aref; = 150 kHz and

f, =170 kHz. As expected, the SIR decreaseblags increased. Once again good agreement
between the model and experimental results is observed.

6. Effectsof loop gain and L O phase-modulator nonlinearities

We set a goal of 90 dB of the SIR for the modulation depthrg®. As mentioned in the
introduction the modulator distortion, especially of tlmacking LO phase modulator in the
considered case, will usually dominate over the photoditistertion. We therefore assume that
the tracking LO phase modulator is much more nonlinear thaphotodiodes, i.&€/by >> 1
andcs/bs >> 1. Furthermore, electronics nonlinearities can be sugpredy the feedback
loop and only need to be lower than the nonlinearities of theking LO phase modulator
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response. In contrast, the tracking LO phase modulatorimemnities are not suppressed and
must therefore be carefully considered. However, a lingauti phase modulator is considered.

In Fig. 3 (a), Signal-to-Intermodulation Ratio (SIR) is gouted as a function of the loop gain
when the ratio between loop filter bandwidth and the RF infmtad frequency,(fig/f1),

is varied. Input RF signa¥i,(t) includes two closely spaced frequencieg;/2m = f; and
wp /2= fy, as shown in Eq. (3). Linear tracking LO phase-modulatossuimed in Fig. 3 (a).
The intermodulation is the magnitude of the mixing terf2g — fp,2f, — f1).

120 T T T 120 T T T T
110 [——1 Jf =05—e—f Jf =1 ] 110 pXIradlsE
[ a6 el o 1_ 1 r 1x10"—-—-2x10" ]
100 f—a—f ff* =2.——f Ji* =3.3
of . M e ] 100 _u—sx10"—e—10x10’
g0 ¢ f/f =10—a—1 U =15 ] 90 _o—13010"—a—15x10"
o 70F g — 80} L
s o | 2o
® a0l ] % 60 8
30f ] S0 . 1
20 ] a0f Gt ]
18 3 1 30f = ]
Lot L " N 20 " " ! !
10° 102 10" 10° 10" 10° 10* 107 10°
Norm. loop gain K/t . [rad] c,lc,
(a) (b)

Fig. 3. RF input signal modulation depfiy, = 17/2. (a) SIR of the demodulated signal as
a function of normalized loop gain for selected values of the ritig f1. (b) SIR of the
demodulated signal as a function of the ratigcs of the LO phase-modulator. Quadratic
termc, = 0.

Figure 3 (a) illustrates that as the loop gHKiis increased, the performance of the phase-locked
demodulator improves in terms of SIR, i.e. the SIR of the ddufeted signal increases. As
the ratio,(fLg /1), is significantly increased, the SIR converges. Furtheenthie slope of the
SIR line is approximately 3. As observed in Fig. 3 (a) rekdiMarge values of the SIR can be
obtained provided large loop gain and linear tracking LOsghaodulator. Using Eq. (17) and
settingcy, c3 = 0, the expression for the SIR can be obtained:

(19)

3
SIR= 20Iog[8(1+61)]

Mg
Even though Eqg. (19) is derived for the loop without the lodtpfjit is in good correspondence
with Fig. 3 (a). Eqg. (19) and Fig. 3 (a) show that the SIR insesawith loop gain with a slope
of 3.

One of the key challenges in creating a linear demodulattireidinearity of the tracking LO
phase-modulator. The phase-change vs. voltage chasticteri the LO phase-modulator is
nonlinear and thereby reducing the SIR of the demodulatgubki First, we are going to in-
vestigate the impact of cubic nonlinearity on the SIR. In.Egb), SIR is computed as the
ratio between the linear terfie;) and cubic ternfcsz) of the LO phase-modulator response for
selected values of the loop gain. In general, the SIR deesesssthe ratio; /c3 decreases. The
values ofcy /c3 for which SIR starts to decrease are loop gain dependerg #irecnonlinear-
ities of the LO phase-modulator become more enhanced aedpeghin is increased. This is
also in accordance with Eq. (17), i.e. as the loop gain iseimeed 3rd order mixing product
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increases as well. For the loop gainkof= 10- 10’ rad/s, the ratia; /c3 needs to be> 200,
to maintain the SIR of 90 dB. Very recently, the the ratio besdw cubic term and linear term
c1/c3 of the semiconductor phase modulator has been measure®®[Bg Obviously, a lot
of improvement is needed in order to obtain thgcs = 200.

Next, we investigate how the quadratic tecsrof the nonlinear response of the phase modulator
can be used to cancel out 3rd order mixing product of the deitatet] signal.

120 -—l—cllc;:SO;—O—él/czzeo ' ' 4 120
110 .—0—c1/c2=40;—v—c1/c2=20. A 4 110k
100+ c,=0 /o’ J 'H._ J
= 90+ — 100
.80} g
= 70} x 90
60
50} 80}
40t 70 s s s s s
10 150M 175M 200M 225M 250M 275M 300M

Loop gain [rad/s]

(b)

Fig. 4. SIR of the demodulated signal as a functiorgfcs. The ratioc; /c; takes values:
80,60,40,20. (b) SIR of the demodulated signal as a function of loop dirty /c, = 40
andcy /cz = 20+ Dot fset

In Fig. 4 (a), SIR of the demodulated signal is computed asetion of the ratiac; /c3 for the
selected values afi /c; ratio. For the reference a SIR is also plotted for the casenwpe- 0.
The selected values of the ratip/c; are experimentally obtainable for electrical circuits][10
To the author’s best knowledge the measurement of the qimtiEem for the semiconductor
phase-modulators has not been performed yet, however, igitiaémeasurements are under
constructions by the authors group. We have therefore drdinie ratioc; /¢, in order to cover
low and high values. Fig. 4 (a) shows that as the refitc; is decreased the SIR becomes
severely limited by the second order nonlinearity. Furtiane, for low values of the third order
nonlinearity of the LO phase modulator, the SIR becomes ¢etiely dominated by the second
order nonlinearity, i.e. independent of tbg/cs ratio. This is in accordance with Eq. (17), i.e.
if c3 is low 3rd order mixing product of the demodulated signaldsiihated byc,. However,
the results in Fig. 4 (a) also show that for non-zero values pthere exist a combination of
¢, andcg for which the 3rd order mixing product is minimized, i.e. gggy (resonance) of the
SIR. This implies that the combined effects of the nonliitesr associated with the balanced
receiver and the nonlinear LO phase-modulator responsetp&ugain contribution from the
feedback loop, result in cancellation of 3rd order mixingdurct. This is also observed from
Eqg. (17) as stated earlier. Furthermore, the resonancemea&s towards lower higher o
ascp is increased. So, by having second order nonlinearity &ssacwith tracking LO phase
modulator, we can tolerate more cubic nonlineagty,Having the ratioc; /c3 of only 20 and
c1/c2 = 40, the SIR of 90 dB can still be obtained.

Suppose that we want to tailor the phase-modulator suctstRapeaking is obtained. In prac-
tise, we may not be able to match exactly the required valties/@; andc;/c; in order to
obtain SIR peaking, so we need to investigate what happens #re slightly off. In Fig. 4
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(b), the SIR is computed as a function of loop gain when thie @t/cs is varied from the
exact value ot /cs for which the SIR peaking is obtained, i@,/c3 = 20+ Agtfset The ratio
c1/c; =40 is held constant. Fig. 4 (b) shows that the SIR peakingpenéent on the loop gain
and it occurs in a relatively wide band of the loop gain. Itl®eanoticed that as the rat@ /c3

is varied, the resonant peak of the SIR moves as well. So, jogtaty the loop gain resonant
peaking of the SIR can be re-obtained. Another, thing whitdugl be addressed is frequency
dependence af; if the demodulator is operated over wide frequency rangeqlency depen-
dence will cause the;/c3 to vary, and Fig. 4 (b) can be used to observe the effect ofrngry
c1/cs. If the ratiocs /c3 varies with frequency for a specific loop gain, we will movesgvrom
the resonant peaking of the SIR. One solution could be talj@sathe loop gain or to design
wide band tracking LO phase modulator. Furthermore, theodiehator could be designed to
operate in narrow frequency band.

7. Effectsof residual amplitude modulation

In this section, the impact of residual amplitude modutata the SIR is considered. Nonlinear
phase response associated with the tracking LO phase nadiglaet to zero, i.ec; = c3 = 0.
From Eg. (18) it can be observed tHat and D, will have impact on the 3rd order mixing
product of the demodulated signal. However, as seen in BY.04 has no impact on the 3rd
order mixing product of the demodulated signal. In pragticefficientsD1, D, andD3 can be
related to the absorption coefficient of the tracking LO ghadulator.
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Fig. 5. (a) SIR of the demodulated signal as a functiobgfor x=1,2,3.(c2,c3) = 0. (b)
SIR of the demodulated signal as a functiorcgfcs for selected values of the quadratic
term, Dy, of the residual amplitude modulatioty./c, = 40 andD1 = 0.03 1/V.

In Fig. 5 (), the SIR of the demodulated signal is computeal fasiction ofDy wherex = 1,2
and 3. We assume that teridg wherex > 3 are negligible, as it would be expected in practice.
Fig. 5 shows that aB; (Dyx = 0,x = 2,3) is increased beyond-30~2 1/V, the SIR starts to
decrease. Wheb;, is varied(Dx = 0,x =1, 3) resonant behavior of the SIR, similar to Fig. 4(b),
is observed, i.e. there exist a valuelf for which the 3rd order mixing product is minimized.
Furthermore, we observe, Fig. 5 (a), that the effecDefis more deteriorating than that of
D,. For the case wheBDs is varied (Dx = 0,x = 1,2), the SIR is not affected and this is in
accordance with Eq. (18). Usually, for the semiconduct@sghmodulator, the quadratic term
of the amplitude modulation is more difficult to minimize ththe linear term. We therefore
need to concentrate on the quadratic term of amplitude ratidal
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8. Combined effects of nonlinearities and their cancellation

In this section, the combined effect of nonlinearities (im@ar phase response and residual
amplitude modulation) associated with tracking LO phaselutedor are considered. We pay

more attention on the quadratic terBy, of the residual amplitude modulation since it is more
difficult to reduce (in practice) for semiconductor phasedoiators, compared to the linear

term,D1.

In Fig. 5 (b), SIR is computed as a function of the the rati¢cs whenD; is varied from 103

1/V to 101 1/V. The ratiocy /c; is set to 40 and; = 0.03 1/V. It is observed from Fig. 5
(b) that for low values of cubic nonlinearitys) of the phase modulator response, the SIR is
fully limited by the quadratic term of residual amplitude dudation,D,. However, Fig. 5(b)
also shows that there exists a combinatiorgt,, D1 andD; for which the 3rd order mixing
product is minimized, i.e. peaking (resonance) of the SliRe flesonant peak moves towards
lower values ofc; /c3 ratio asD; is increased. Fig. 5 (b) is in accordance with Eq. (18) which
states that 3rd order mixing product can be reduced by papsbination of the loop gain and
tracking LO phase modulator nonlinearities. The cascadattss of nonlinearities associated
with balanced detector, phase and amplitude modulatioheofracking LO phase modulator
cancel each other. Fig. 5 (b) illustrates that even thoughatioc; /c3 is low for the measured
semiconductor phase modulatei (c; = 26 [9]), high values of the SIR are still obtainable.

Next, we are going to investigate how the resonant peakingefSIR scales with input RF
signal voltage and frequency. We must be sure that the datioal of the nonlinearities does
not only occur at single power level or single frequency. Naarities associated with the
tracking LO phase modulator are chosen such that resonakingeof the SIR is obtained, see
Fig. 5 (b). In Fig. 6 (a), we plot the amplitude of the fundartat¢iof the demodulated signal
(f1) and amplitude of the 3rd order intermodulation prodi®&fy — f2) as a function of input
signal voltageVin. The amplitude of the fundamental and 3rd order intermdahrigproduct
(IM3 curve) of the demodulated signal increases with the ingutadivoltage, as expected. It
should be observed that there are no dips in thg ditve as the input signal voltage is varied.
This means that the cancellation of the nonlienarities@atexd with the balanced receiver and
phase modulator occurs over broad range of input RF signaérso In Fig. 6 (b), the SIR
is computed as a function of input RF signal frequency asrtpatisignal modulation depth,
Min takes values fromm to 11/7. Fig. 6 (b) shows that the SIR remains constant as the input
RF signal frequency is increased. As the input RF signal natidn depth decreases, the SIR
increases as expected.

9. Conclusion

A novel cancellation technique, which is RF signal power &edjuency independent, for

the recently demonstrated phase-locked coherent opticatgp demodulator is proposed
and numerically investigated. It has been shown that therpidy between the loop gain of
the feedback circuit and nonlinearities of the tracking Liage modulator may result in

cancellation of the third order intermodulation producttitd demodulated signal. The can-
cellation of the third order intermodulation product candohiieved by carefully tailoring the

nonlinearities of the tracking LO phase modulator, or fa& $pecific set of nonlinearities loop
gain can be adjusted such that cancellation is obtained pidEosed technique significantly
reduces linearity requirements for the tracking LO phaseutador and large values of the
signal-to-intermodulation ratio can thereby be obtaineenethough the tracking LO phase
modulator is fairly nonlinear.
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Fig. 6.c1/c3 = 10,¢1/c, = 40,D1 = 0.03 1/V andD, = 0.05 1/V. (a) Amplitude of the
fundamental and 3rd order mixing product @Murve) of the demodulated signal as a
function of input signal voltagevi,. (b) SIR of the demodulated signal as a function of
input signal frequency for selected values of modulation défyh
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