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Abstract—A novel phase-locked coherent optical phase demod-
ulator with feedback and sampling is presented and investigated
for high-linearity microwave photonic links. The overall receiver
concept is novel in terms that we use feedback loop for linear
phase demodulation and optical sampling to achieve operation
at high RF signal frequencies. The phase-locked demodulator is
to be used for RF signal demodulation of optically phase-mod-
ulated analog links. We aim at operating the demodulator for
short-range applications since the demodulator only recovers the
phase. A new time-domain numerical model is developed and the
calculated results are in good agreement with measurements. The
effect of amplitude and timing jitter associated with the optical
pulse source is also taken into account. Stochastic Euler scheme
is used to solve stochastic differential equations associated with
amplitude and timing jitter. Using the model, we investigate
how loop gain, tracking phase-modulator nonlinearities and
amplitude modulation influence the signal-to-intermodulation
ratio (SIR) of the demodulated signal. Furthermore, in order
to alleviate nonlinearities associated with the tracking phase
modulator, we report on a novel cancellation technique. The
proposed cancellation technique is input RF signal power and
frequency independent leading to a significant increase in dynamic
range of the coherent demodulator. This technique demonstrates
that large values of the signal-to-intermodulation ratio of the
demodulated signal can be obtained even though the tracking
phase modulator is fairly nonlinear, and thereby relaxing the
linearity requirements for the tracking phase modulator. The
demodulator is capable of operating at high frequencies, by using
optical sampling to downconvert the high-frequency input RF
signal to the frequency range of the baseband loop. Using the
model the effect of optical sampling on the signal demodulation
is investigated. The simulation results show that the operation
of the sampling demodulator resembles the operation of the
baseband demodulator for very short optical pulses (< ps).
We also investigate how signal-to-noise-ratio of the demodulator
is affected by timing and amplitude jitter of the pulsed optical
source. Finally, experimental demonstration of the sampling loop
using the phase-locked demodulator is presented. We show that an
improvement of 14.1 dB in spur-free-dynamic-range is obtained
using the proposed phase-locked coherent demodulator compared
to the open loop sampling.

Index Terms—Amplitude noise, analog links, coherent, mi-
crowave photonics, modulators, phase-modulation, phase-locked
loop, phase noise, sampling.
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. INTRODUCTION

HE USE of optical links for the transmission of RF signals
T is a subject of considerable interest for future commercial
and military systems [1], [2]. Intensity-modulated analog op-
tical links have been limited in performance by the nonlinear re-
sponse of optical modulators [1]. The underlying reason for this
is that the response of optical intensity modulators is “hard-lim-
ited” by zero and full transmission. In contrast, optical phase
modulation has no fundamental limit to modulation depth be-
sides that given by the available modulation range in optical
phase modulators. The challenge to implement a linear phase-
modulated optical link lies in the receiver structure. A tradi-
tional coherent receiver has a sinusoidal response limiting the
overall dynamic range of the optical link [3]. Several methods
for linear phase demodulation have been reported in the litera-
ture and the two dominant approaches are based on analog op-
tical phase locked loop [4], [5] and digital demodulation [6].
We have recently experimentally demonstrated a novel coherent
baseband (operation frequency: 0-2 GHz) optical phase-locked
demodulator with feedback [7]-[13]. We have experimentally
shown that the proposed approach in [9] results in ~20 dB of
spurious free dynamic range (SFDR) improvement compared
to the traditional coherent receiver without the feedback. In this
paper, a detailed analysis of the novel coherent phase-locked
optical phase demodulator with feedback and sampling is pre-
sented. Two types of loops are considered, i.e., baseband and
sampling loop. The only difference between the baseband and
the sampling loop is that for the baseband loop CW optical
source is used and for the sampling loop pulsed optical source
is used. The concept of this novel optical phase demodulator
is shown in Fig. 1. The targeted operation frequency of the
baseband loop is up to 2 GHz. In order to operate the loop
above 2 GHz and still obtain a high degree of linearity, the
loop bandwidth (equivalent to the loop gain [14]) would need
to be very large. However, the loop delay puts an upper limit
on the available bandwidth of the loop for which the stable op-
eration of the loop can be obtained. This is a well-known fact
and is widely reported in the literature [14]. As a rule of thumb:
loop delay = 1/(10 x loop unity gain bandwidth) in order to
have stable operation of the loop. Therefore, as the unity gain
bandwidth is increased beyond 2 GHz, it becomes very chal-
lenging for photonic or electronic integration technology to sup-
port sufficiently low group delays. For instance a loop operating
at 20 GHz would require >100 GHz of loop bandwidth. This is
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Fig. 1. General outline of phase-modulated optical link and phase-locked optical demodulator with feedback and sampling at the receiver unit.

far beyond feasible, considering the delay in the feedback loop
(1 ps) and the challenges making electronics operate beyond
100 GHz. To overcome this problem, a novel approach using op-
tical sampling at the demodulator is investigated. The basic idea
is to use a pulsed laser source at the receiver unit, see Fig. 1. The
received high-frequency input RF signal is hence sampled at a
rate close to the pulsed laser source period. In this way, an inter-
mediate frequency (IF) component is obtained that falls within
the operating range of the baseband optical phase-demodulator
which is 2 GHz.

The output from the phase demodulator (a balanced optical
mixer) is amplified and filtered by electronics, and then feed
back to a local tracking phase modulator. Within the loop
bandwidth, the effect of the feedback is to reduce the difference
in phase between the local optical wave and the incoming wave.
Therefore, the effective swing across the phase demodulator
is reduced, resulting in an improved SFDR. This reduction
could also be obtained by reducing the modulation depth at
the transmitter but the signal-to-noise ratio (SNR) is reduced
as a consequence. In contrast, in the proposed receiver, both
the signal and the noise swings are reduced by the same factor
(loop gain), retaining the SNR while improving the SFDR
as shown in [7], [10]. However, to achieve a high bandwidth
phase-locked receiver, compact semiconductor phase modula-
tors have to be used to keep loop delay sufficiently low. These
modulators can have fairly nonlinear response significantly
limiting the dynamic range of the receiver [22]. Furthermore,
the modulator distortion usually dominates over photodiode
distortion, and compensating for the modulators nonlinearities
is therefore of significant importance [1]. In this paper, the
impact of system nonlinearity, associated with tracking phase
modulator, on the demodulated signal are determined in terms
of the signal-to-intermodulation ratio. We propose a method
to cancel out nonlinearities associated with the tracking phase
modulator and inherently nonlinear response of the balanced
detector. Furthermore, we investigate how the signal-to-inter-
modulation ratio of the demodulated optical signal is affected

by the laser signal pulse width, loop gain, loop time-delay,
input RF signal frequency, and timing and amplitude jitter
of the pulsed optical source. The dynamical behavior of the
sampling loop is compared to that of the baseband loop. This
paper is organized as follows. In Section 11, time-domain model
of the novel optical phase demodulator is presented. Further-
more, a simple linearity analysis based on perturbation theory
is presented in order to illustrate main principles behind the
novel phase demodulator. This is then followed by Section IlI,
where the model is validated by initial experimental results. In
Section 1V, simulation results for the baseband loop are pre-
sented. The impact of tracking LO phase modulator on system
performance is shown. In Section V, simulation results for the
sampling loop are presented and the operation of sampling
loop is compared to the baseband loop. Finally, we present a
summary of our main investigations in Section VII.

Il. MATHEMATICAL MODEL OF PHASE-LOCKED DEMODULATOR

A. Baseband Loop

The setup of the phase-locked optical demodulator, on which
we base our model, is shown in Fig. 1. The demodulator can
either be operated as a baseband loop (CW optical source is
used) or a sampling loop (pulsed optical source is used). Due
to simplicity, we start by considering the baseband loop. For the
optical link under consideration, we assume that the fiber con-
necting the remote antenna and the receiver unit is polarization
maintaining, so that polarization control is not necessary.

The received RF signal Vi,(t) is used to directly modulate
an optical phase modulator at the remote antenna unit. The cor-
responding optical signal F;,(t) (see Fig. 1) is then written in
complex notation ast!

Ein(t) = \/Pype(@ottn ) 1)

1The scalar notation is used for both ;, and .o by assuming that
the two fields are identically polarized
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where wy is the optical frequency and P,, is the power of the
optical field. Taking into consideration the nonlinearities asso-
ciated with the (input) phase-modulator located at the remote
antenna unit the phase of the optical signal ;,(t) is expressed
as

7Vin(t)
V'/r,in

¢in(t) = 1V2 V1r21( ))

O]

where V i, is the voltage of the input phase-modulator, in order
to obtain 7 phase shift, and a1, a2 and as represent the terms
of the polynomial expansion of the input modulator nonlinear
phase response. In general, conventional optical phase modula-
tors made in LiNbO3 will be used at the remote antenna unit.
For conventional optical phase modulators, the process of im-
posing a high-frequency RF signal on the optical carrier is in-
herently linear, and therefore as/a; < 1 and a3/a; < 1. For
phase modulators made in LiNbQO3, residual intensity modula-
tion will not occur if the polarization state of the incoming light
is matched to the polarization of the demodulator. In order to
characterize dynamic range of the demodulator, the input RF
signal Vi, (¢) is assumed to consist of relatively closely spaced
tones [15]

Vin(t) =

where V7 and V5 are the amplitudes of the input RF signals and
w1 and w» are the input RF signal frequencies. The optical signal
E;n(t) is then transported to the receiver unit where its phase is
compared to the phase of the local optical signal Eypo(t) using
the balanced detector pair with load resistance Rp,. A single op-
tical source is used for both the remote antenna and the receiver
unit. The optical LO signal Er1,o(t) is thereby expressed as

Vi sinfwit] + Va sinfwat] (3)

Ero(t) = /Puo(t)e! et o) (4)

where ¢r1,0(¢) is reference phase (signal) and is function of the
feedback loop parameters (see Fig. 1), and P is the power of
the optical field.2 Following Fig. 1 after the 3-dB coupler, we
have in one arm

1 .
= — /P eiwottdin(t)=7/2)
V2

-I-L Pro (t)ej<th+¢LO (t)—m) ©)

V2

The output of the second arm is

1 ,
= /P, ei(wottem(t)=m)
VoA

+ A Pro@eirtteo®=-7/2)  (g)

V2
2Due to the residual amplitude modulation of the tracking LO phase modu-

lator, 1.0 will be time dependent. This is explained in more details later in the
text.
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where in (5) and (6) an ideal coupler has been assumed, i.e.,
equal splitting ratios. Taking into account the nonlinearities as-
sociated with the photodetectors, the photocurrents generated
in each branch of the balanced receiver, I;(¢) and I2(t), con-
taining the phase difference between ¢;,,(¢) and ¢r.o(t) are then
expressed as

L(t) = Roa| Ex (1)) <1 N bzlEbll(t)P . ngEbll(t)|3>

pdz ( 1n+ PLO( )
P Pro () sinlu(t) — m@@Qn @)

Lo(t) = Roa| Ba(1)|? <1+ bzlEbzl(t)l . ngEbzl(t)| >

—dez ( Pin + PLO()

P Poo (D) sinfe(t) — %dM) ®)

where Rq is the responsivity of the photodetectors and is as-
sumed equal for both photodetectors. b,, represent the terms of
polynomial expansion of the nonlinear response of the photo-
diodes and n is an integer. In practice, it is only necessary to
consider n = 1,...,3. The output signal from the balanced
photodetector pair with load resistance Ry contains the phase
difference between ¢;,(t) and ¢r.o(t) is expressed as

Voa(t) = Rp(Ix(t) — Li(1)). 9)
The signal V,,q(t) is then used to control the feedback loop.
(After the loop has acquired lock, the phase difference ¢;,(t) —
wro(t) will approach zero.) The signal V,,4(t) is then passed
through the loop filter (low pass) having the following time and

frequency domain characteristic

dVout — |:Vpd(t) - Vout(t):| o Vout(w)
dt TLF Vpd(w)
1
= 10
1+ jwrr (10)

where L = 1/27 fup is inversely proportional to the band-
width of the loop filter. V. (¢) is the output of the loop filter and
the desired demodulated RF signal. According to the transfer
function (10), the loop filter is single pole. The output of the
loop filter is then amplified with an amplifier having the gain
A. AVyu(t) is then applied to the tracking LO phase modu-
lator. Since we aim on the fully integrated receiver, the tracking
LO phase modulator will be made in semiconductor in order
to reduce the loop length. The phase versus voltage character-
istic of phase modulator made in semiconductor is nonlinear. In
practice, for the semiconductor phase modulators, the quadratic
and cubic nonlinearity terms will dominate over the higher order
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terms, and the phase-voltage relation can thereby be expressed
as

T AVout (1) ca c3 9
t)=—= (1 Vout (t Ve (t
¢LO( ) V7T,LO +CIV7T,LO t( )+CIV73,LO out( )

where ¢y, ¢o, and c3 represent the terms of the polynomial ex-
pansion of the LO phase modulator response. In addition to non-
linearity associated with phase versus voltage characteristic of
the LO phase-modulator, any residual amplitude modulation, as
would be expected in practice, may affect the performance of
the demodulator in an adverse way. For phase modulators made
in semiconductor residual intensity modulation is expected to
occur. The normalized E-field amplitude of the (optical) LO
signal can therefore be expressed as

Pro(t) Aro(t
L.(;( ) - 1:/(1)( ) = 1+D1 V(’“t (t)—i_ D2Vo2ut (t)+D3Vo?:1t (t)
0 0

(12)

where Ay is the E-field amplitude of the LO signal in the ab-
sence of amplitude modulation. In order to determine the overall
dynamical response of the loop, the total phase error is defined
as

¢e (t) = (pin(t) — YLO (t) (13)

Taking the derivative of (13), (11), and (2), we obtain the
differential equation describing the total phase error in the loop
expressed in its general form as

doe
dijf = VL_(wl V1 cos[wit] + waVa cos[wat])

2
. <1 I (V1 sinfw1t] + Va sinfwot])
alvw,in

+ %(Vl sinjwyt] + Va Sin[wzt])2>
An
- TLF Vr,LO
X <1 + %me + 01‘3/7‘1:—23LO 02ut(t)>
X (Vpa(t) = Vour(t)). (14)

It should be noted that (14) includes the effects of cascaded
sources of nonlinearities associated with the input phase mod-
ulator, sinusoidal response of the balanced receiver, photode-
tectors and tracking LO phase modulator, giving a good insight
into demodulators dynamics. We are therefore going to base our
model on (14) and (10). By solving equation (10) together with
(14), the desired demodulated signal V.. (t) is obtained char-
acterizing the overall nonlinear response of the loop. Equation
(14) and (10) are first-order nonlinear differential equations and
their solutions can be obtained numerically.
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When the input RF signal consists of relatively closely spaced
frequencies, the nonlinear response of the loop components will
result in intermodulation distortion of the demodulated signal.
Third-order intermodulation products are especially important
because they may set the SFDR of the system [15]. The demod-
ulated signal V;,() is then characterized by the signal-to-in-
termodulation ratio (SIR) which is the ratio between the power
of the demodulated signal (w; or ws) and third-order mixing
product (2w; — wa,2ws — wy). Loop gain is defined as K =
(71vVPinPoARyaRL) Ve LOTLF.

B. Linearity Analysis Based on Perturbation Theory

The time-domain numerical model, based on nonlinear dif-
ferential equation (14) and (10), is of rather complex nature,
and there are many parameters involved. The model is there-
fore detailed and in good agreement with experimental results,
as it will be shown in Section Ill. However, due to the complex
behavior of the nonlinear systems, it may be cumbersome to in-
terpret its results. In this section, we therefore derive simple ap-
proximate analytical expressions which are qualitatively in good
agreement with time-domain numerical model. The analytical
expressions are going to be used to interpret results obtained by
the detailed time domain numerical model. For simplicity, the
loop filter and nonlinearities associated with the photodetectors
are not considered. Furthermore, V. is assumed equal for the
input and tracking LO phase modulator.

Let V,.£(t) denote the signal incident at the tracking LO phase
modulator when the loop is open

‘/ref(t)
= Zde\/ PinPLORLA sin
™ ™
X | =—Vin(t) —
7,LO ( ) VW,LO

X (Vout (t) + cl2vo2ut (t) + cé’)‘/o:iut (t>) + ([)0]

~ 2R,av/ PnPLoRL A sin[¢o]
+ Gy [Vin(t) — Vour(t) — CIQVozut(t) - Cgvo?:n (t)]
— G [Via(t) = Vous(t) = V2 (1) = 4VE ()]
— G [Via(t) = Vour(t) = hV2,(£) — V2, ()]
(15)

where ¢4 = c2/(c1VrL0), ¢4 = c3/(c1V210), and ¢g is a
constant, and Gi = (2Rpav/PimProRrAm cos|do])/ VLo
Go = (2de\/ PinPLoRLA’/TZ Sin[(ﬁo])/ZVﬂZ’LO and
Gy = (2de\/PinPLoRLA7T3 COS[(/)()])/GV,,?_LO. However,
since the dc term is out of the signal band and it is filtered
away when the loop is locked, we chose not to consider the
dc term. Since the response of the optical phase demodulator
will be nonlinear due to the inherently nonlinear response of
the balanced receiver (tracking signal Viet(t) is a nonlinear
function), the output signal of the demodulator V() after
locking the loop can be approximated as [15]

Vour (t) = A1 Via(t) + AV (1) + 4sVia(t) - (16)
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where Ay, A,, and Aj are constants. We assume that third
mixing product A3V:3(¢) will have larger impact on the SFDR
than the second-order mixing product A,V:2(¢), and we chose
therefore not to consider the second-order mixing product.
Furthermore, the input signal Vi, (t) consists of closely spaced
tones: Vi, (t) = Vi sinfwyt] + Vi sinfwot]. In order to find A
and As, we lock the loop Viee(t) = Vout(t) and insert (16) in
(15). Using the method of harmonic balance, the coefficients
A; and Aj are found. The demodulated signal V.. (¢) is then

expressed as

1+ Gy

(CQG% + G35 — 2G20’2G%)
(1+Gp)4

Vin(t)-
(7

‘/out (t) Vin(t) -

It is observed from (17), that for a specific ¢, by adjusting the
loop parameters, the third-order mixing product of the demodu-
lated signal can be (theoretically) brought to zero, i.e., A3 = 0.
In other words, the feedback circuit in combination with second-
order nonlinearity associated with tracking LO phase modulator
response, results into cancellation of third-order mixing product
of the demodulated signal.

In addition to nonlinearities of the LO phase-modulator, any
residual amplitude modulation would be present as explained in
Section I1-A. We therefore need to investigate the impact of the
residual amplitude modulation on the SIR. Inserting (12) and
(16) in (15), and locking the loop Viet(t) = Voue(t), the output
signal V¢ (¢) can be obtained. To begin with, the nonlinearities
associated with phase response of the LO phase modulator are
set to zero, i.e., co = 0 and c3 = 0. The output signal V(%) is
then expressed as

G1

D:G\G Gs — D-G3
‘/;ut(t):mv‘in(t)_< 1G1G2 + G3 241

(1+Gy)4

Vfg(t)) |
18)

Equation (18) shows that the residuals effect of amplitude mod-
ulation will results in increased third-order intermodulation
product. However, it is noticed that the third-order intermodu-
lation product is independent of the cubic term of the amplitude
modulation D3. For the specific values of residual amplitude
modulation coefficients D; and D, the third-order mixing
product can be brought to zero by adjusting the loop gain.

In the presence of nonlinearities associated with phase and
amplitude response of the tracking LO phase modulator the
output signal Vo, () can be expressed as (19), as shown at the
bottom of the page.

The result presented in (19) is encouraging since the nonlin-
earities associated with the tracking LO phase modulator can
be canceled out. Either loop gain can be used in order to obtain
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cancellation of the nonlinearities, or for a specific loop gain the
tracking LO can be tailored such that the nonlinearities cancel
out.

C. Sampling Loop

So far, we have concentrated on the baseband loop. How-
ever, in order to increase the operation frequency of the de-
modulator optical sampling is used. This is achieved by simply
changing the CW optical source with optical pulsed source; see
Fig. 1. The nonlinear differential equations (10) and (14) can
also be used to describe the sampling loop under condition that
the time-varying amplitude of the optical pulse source is in-
cluded in the equations. As a result of the optical sampling, the
input RF signal expressed in (3) is now downconverted to an IF:
Wrr = w1 —wys. wis IS the repetition frequency of the pulsed op-
tical source time-varying amplitude and it chosen such that w;
will fall within the bandwidth of the baseband loop. In terms of
the performance, we want the sampling loop to match the base-
band loop. In order to compare the performance of the sampling
loop with the baseband loop, we need to look at the total phase
error ¢.(t).

When the tracking LO phase-modulator nonlinearities are set
to zero and assuming that the phase detection process is linear
sinfepe(t)] = @e(t), the total phase error for the (locked) base-
band loop becomes is computed by analytically solving equa-
tion (14). The solution is thereby expressed as

1

we(t) = i (Minw? cosfwit] — K sinfwit])  (20)

where M;, = (7/Vzin)Vi. In (20), it is assumed for the sim-
plicity that the input RF signal consists of only one tone at fre-
quency w; with the amplitude V;. Since there are no nonlin-
earities in the loop, ¢.(t) contains only a frequency compo-
nent at wy, as expected. Equation (20) also shows that as the
loop gain K approaches infinity, the total phase error . (t) ap-
proaches zero, i.e., the demodulated signal V;.(t) is a replica
of a input RF signal. Next, we want to derive an analytical ex-
pression for the total phase error of the (locked) sampling loop.
We use the same assumption as when we derived the total phase
error for the baseband loop, i.e., linear phase detection process
is assumed. For the sampling loop, we assume that the output
of the pulsed optical source has raised cosine pulse shape and
is therefore expressed as Fi,(t) = Ero(t) = A(t) exp(jwot),
where A(t) = Agcos?(wist),w;s =~ wi is assumed for sim-
plicity. The differential equation describing the total phase error
for the sampling loop is then very similar to the baseband loop
(14), except the fact that /P, = A(t) and VPro = A(t).
Therefore, in order to obtain an expression for the total phase
error of the sampling loop, we once again solve equation (14),

Gy

V3

Vvout (t) Vvin(t) -

:1—|—G1

<2G20’2G% + Dlell

n(t)

C/2+C{3G411+D1G1G2+G3 —DzG%) (19)

(1+ G
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under conditions v/P,,, = v/Pro = A(t). The total phase error
for the sampling loop is then governed as follows:

K sin®[wyt
@e(t) = My, - <cos[w1t] - #
_ AoKsin[wit] —wit cos[wlt]>

2&)1
Ag K (cos[wy t] sin[wy t]+wyt)

“1 (21)

T €

1
2

where in (21), we have used the following approximation
cos[z] ~ 1 — 2 /4 in order to be able to obtain the analytical
solution. Aq is the amplitude of the pulses. It is observed in
(21), that ¢.(t) not only contains the frequency components
at wy, but also the multiples of w; (harmonics). The amplitude
of harmonics increases as the loop gain is increased. This is
contrast with the baseband loop. Furthermore, by inspecting
(21), we can qualitatively conclude that the amplitude of the
harmonics can be reduced by increasing the frequency ws.
In Section V-A, it is confirmed that the sampling induces
extra nonlinearities in the overall loop response by using the
time-domain large signal numerical model based on nonlinear
differential equations describing ¢ (¢) and Vo (t).

D. Spectra of a Signal in With Amplitude and Phase Noise

The performance of optically sampled systems is very sensi-
tive to noise characteristics of the time-varying envelope of the
optical pulse source, i.e., amplitude and phase noise [16]. This
is especially valid for the signal-to-noise ratio of the optically
sampled (downconverted) signal. The output optical signal of
the pulsed laser source in the presence of amplitude and phase
noise associated with the time-varying envelope is expressed as

B(t) = VT + alOT Rt + B
where Py(t) is the time-varying envelope of the optical pulse
source and is assumed to have Gaussian shape. «(t) and () are
amplitude and phase noise, correspondingly. «(t) and 3(t) are
assumed to be wide-sense stationary stochastic processes with
zero mean. The phase noise of the optical pulse source signal en-
velope f(¢) is expressed as 8(t) = /eB(t), [17], where B(t)
is described by 1-D Brownian process, and c is a constant de-
termining the amount of phase noise associated with the input
signal. The amplitude noise «(t) is modeled as a band-limited
white noise process where the power spectrum density (PSD) is
phenomenologically expressed as [3]

(22)

Sa(w) = (23)

n
[+ (f/fr)?]
where 7 is low-frequency amplitude noise PSD and fg is the
roll-off frequency. The corresponding autocorrelation function
of the amplitude noise «/(t) is obtained by taking the inverse
Fourier transformation of (23)

1
R, .o(1) = iane_“’erl = Uze_wR‘Tl. (24)
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We are going to assume that the amplitude and phase noise are
uncorrelated {(«(t)3(¢)) = (a(t)){B(t)). The autocorrelation
function of the optical pulse source time-varying envelope is
expressed as

R(t,7) = (|E@)P|E(t + 7))
= ([1 + a(t)]Po(t + B())[L
+a(t+7)|Po(t + Bt +7)))

= RPOyPO (t7T>[1 + Ra,Ot(t?T)] (25)

where R, (t,7) is the autocorrelation function of the ampli-
tude noise, and Rp, p,(t,) is the autocorrelation function of
the envelope corrupted with the phase noise. Since Py(t) is a
periodic function with period w;,, the autocorrelation function
Rp, p,(t,7) is expressed as [17], [18]

RPO,PO t T ZX X* —Jiws Te——b.)l iZe|r| (26)

where X; are the Fourier coefficients of Py(¢), and ¢ is a con-
stant determining the amount of phase noise associated with the
signal Py(t). Timing jitter of the envelope Py (t) is proportional
to the constant c. The autocorrelation function R(¢, 7) can now
be expressed as

R(t7T) = ZXX* —j’iwls-re_%wfsiZClTl
ZXX* 2 —jinam (= hetemwn)irl (o7

Taking the Fourier transformation of (27), the power spectrum
density of the optical pulse source envelope corrupted with am-
plitude and phase noise is obtained by taking the Fourier trans-
formation of (27)

i | X;|2wdi?c?
— twgite? + (w + iwo)?
02| X;]?(wdi’c + 2wr)
P VS
(3wii?c+wr)” + (w + iw)

S(w) =

(28)

Next, we investigate the effect of amplitude and phase
noise on the power spectrum density S(w) of the envelope.
In Fig. 2(a), the power spectrum density S(w) of a signal
corrupted with amplitude and phase noise computed using (28)
is shown. Furthermore, the effect of amplitude and phase noise
on the power spectrum density S(w) is illustrated separately. It
is observed that in the presence of phase noise only, S(w) has
1/w? dependence as expected. In the presence of amplitude
noise only, S(w) contains a constant level of magnitude » and
at w = wp the power spectrum density has 1/w? dependence.
In the presence of both amplitude and phase noise, the power
spectrum density .S(w) is dominated by phase noise at lower
frequencies and for frequencies beyond wg, S(w) is fully dom-
inated by the amplitude noise. In Fig. 2(b), the power spectrum
density S(w) is plotted for selected values of 7. For increased
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Fig. 3. Spectrum of a signal corrupted with amplitude and phase noise
for selected values of roll-off frequency g. dB.

values of n, S(w) becomes more dominated by the amplitude
noise. However, for relatively low values of » = —130 dB, the
power spectrum density is mostly dominated by phase noise.
In Fig. 3, the power spectrum density S(w) is plotted for the
selected values of roll-off frequency wr = 27 fg. It is observed
that as the roll-off frequency is decreased, the contribution of
amplitude noise to S(w) decreases. For relatively low values of
roll-off frequency (wr = 2710° rad/s), the impact of amplitude
noise on S(w) is negligible.

If the effect of amplitude and phase noise of the optical pulse
source is going to be included in the nonlinear differential equa-
tion (10) and (14), the stochastic processes a(t) and 3(¢) need
to be generated numerically. Since «(t) is band-limited white
noise process, it can expressed by the following stochastic dif-
ferential equation [17]:

do —a(t) | o L(1)
E o TR + TR (29)

where T = 1/27 fr and I'(¢) is a stochastic Langevin noise
force. I'(t) is Gaussian distributed and it is fully characterized
by its mean value and correlation function

(T(1)) = OC(OT(E)) = (¢ — ¢ (30)
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where 6 is Dirac delta function. Correspondingly, the phase
noise (3(t) is expressed by the following stochastic differential
equation [17]:

ap

= Ver(1). (31)
Effective analytical solutions of stochastic differential equations
(29) and (31) are difficult to achieve. Therefore, numerical inte-
gration techniques for solving the stochastic differential equa-
tions are of interest. The numerical integration scheme which
we will to use to solve stochastic differential equations (29) and
(31) is forward Euler scheme [19], [20]. Stochastic differential
equations (29) and (31) can be written in the following form
(Langevin equations):

i = b, t) + g(a, )L(1). (32)

Using forward Euler scheme, the solution of Langevin equa-
tions becomes

Tintl = Tin + D(l)(gjt dt+ZgL]an[ﬁ (33)

where IV is the order of the system, and Dgl) are first-order
Kramers—Moyal expansion coefficients

DM = h;+ Z Z 9% g” (34)
k=1 j=1
The random numbers w,, are distributed according to

where 6;; is Kronecker delta function. The integration is started
and ended at time 0 and ¢, respectively, using the initial condi-
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Fig. 4. (&) One tone measurement. Output of the balanced photodetector 4
signal modulation depth  ;,,.

tion z(0) = z,. The time interval [0; ¢,] is divided into NV, small
steps of length dt, that is

ls

t

dt =

, tp=ndt, n=0,1,2,..., N;. (36)

The simulation results shown in this section and next sec-
tions are obtained by the detailed time-domain numerical model
based on (14) and (10). The baseband loop is considered. The
experimental setup, similar to Fig. 1, was constructed in order
to verify the model [7]. The experimental bandwidth is limited
by the time delay imposed by the discrete components of the
receiver. An integrated version of the receiver is necessary to
scale to GHz operation.

In Fig. 4(a), a one-tone measurement is shown together with
simulation results. Due to the experimental bandwidth limita-
tion, the input RF signal frequency is only f; 150 kHz,
and the loop filter bandwidth is 1.1 MHz. The amplitude of the
signal after balanced photodetection V,,4(t) is plotted as a func-
tion of the loop gain K. Experimental and simulation results
show that as the loop gain is increased, the amplitude of V,,q(¢)
is reduced, i.e., the linearity of the demodulator is improved.
Good agreement between the experimental and simulation re-
sults is obtained for one tone measurement. In Fig. 4(b), results
of the two tone measurement are shown together with the sim-
ulation results. The SIR is plotted as a function of the modu-
lation depth M, = (7/V; in)V1 Of the input RF signal. V; is
the amplitude of the input RF signal and is assumed equal for
both tones. The input RF signal frequencies are f; = 150 kHz
and fo = 170 kHz. As expected, the SIR decreases as Mj,, is in-
creased. Once again, good agreement between the model and ex-
perimental results is observed. In Fig. 5, experimental and simu-
lation results of the SIR as a function of increasing average pho-
tocurrent (~ increasing loop gain) are shown. It is observed that
for relatively low values of the average photocurrent (<2.5 mA),
there is good agreement between the experimental results and
the simulation results. However, as the average photocurrent is
increased, photodetector nonlinearities are enhanced resulting
in discrepancy between the experimental and simulation results.
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Fig. 5. Two-tone measurement. SIR as a function of average photocurrent.
Photodetector nonlinearities limit the SIR as observed in Fig. 5.

IV. SIMULATION RESULTS BASEBAND LOOP

A. Effects of Loop Gain and LO Phase-Modulator
Nonlinearities

We set a goal of 90 dB of the SIR for the modulation depth of
7 /2. As mentioned in the introduction the modulator distortion,
especially of the tracking LO phase modulator in the consid-
ered case, will usually dominate over the photodiode distortion.
We therefore assume that the tracking LO phase modulator is
much more nonlinear than the photodiodes, i.e., co /by > 1 and
c3/bs > 1. Furthermore, electronic nonlinearities can be sup-
pressed by the feedback loop and only need to be lower than the
nonlinearities of the tracking LO phase modulator response. In
contrast, the tracking LO phase modulator nonlinearities are not
suppressed and must therefore be carefully considered. How-
ever, a linear input phase modulator is considered. In the entire
Section 1V, the loop time delay is, for simplicity, set to zero.
However, it should be kept in mind the time delay will set an
upper bound for the allowable loop gain in order to obtain a
stable operation of the loop.

In Fig. 6(a), SIR is computed as a function of the loop gain
when the ratio between loop filter bandwidth and the RF input
signal frequency (fLr/f1) is varied. Input RF signal Vi,(¢)
includes two closely spaced frequencies: w; /27 = f; and
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Lr 1. (b) SIR of the demodulated signal as a function of the ratio

we/2m = fo, as shown in (3). Linear tracking LO phase-mod-
ulator is assumed in Fig. 6(a). The intermodulation is the
magnitude of the mixing terms (2f1 — f2,2f2 — f1).

Fig. 6(a) illustrates that as the loop gain K is increased,
the performance of the phase-locked demodulator improves in
terms of SIR, i.e., the SIR of the demodulated signal increases.
As the ratio (fLr/f1) is significantly increased, the SIR con-
verges. Furthermore, the slope of the SIR line is approximately
3. As observed in Fig. 6(a), relatively large values of the SIR
can be obtained provided large loop gain and linear tracking
LO phase-modulator. Using (17) and setting ¢, c3 = 0, the
expression for the SIR can be obtained as

37)

3
SIR = 201log [M} .

2
M,

Even though (37) is derived for the loop without the loop
filter, it is in good correspondence with Fig. 6(a). Equation (37)
and Fig. 6(a) show that the SIR increases with loop gain with a
slope of 3.

One of the key challenges in creating a linear demodulator
is the linearity of the tracking LO phase-modulator. The phase-
change versus voltage characteristic of the LO phase-modulator
is nonlinear and thereby reducing the SIR of the demodulated
signal. First, we are going to investigate the impact of cubic
nonlinearity on the SIR. In Fig. 6(b), SIR is computed as the
ratio between the linear term (¢; ) and cubic term (c3) of the LO
phase-modulator response for selected values of the loop gain.
In general, the SIR decreases as the ratio c¢; /c3 decreases. The
values of ¢; /3 for which SIR starts to decrease are loop gain
dependent since the nonlinearities of the LO phase-modulator
become more enhanced as the loop gain is increased. This is also
in accordance with (17), i.e., as the loop gain is increased, third-
order mixing product increases as well. For the loop gain of
K = 10-107 rad/s, the ratio c; / c3 needs to be >200, to maintain
the SIR of 90 dB. Very recently, the ratio between cubic term
and linear term ¢; /3 of the semiconductor phase modulator has
been measured to be 26 [22]. Obviously, a lot of improvement
is needed in order to obtain the ¢; /c3 = 200.

Next, we investigate how the quadratic term ¢, of the non-
linear response of the phase modulator can be used to cancel
out third-order mixing product of the demodulated signal.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 26, NO. 15, AUGUST 1, 2008

120 K [rad/s]: i T J
1o 1x107;—-—2x10 ]
100 |4 sx10”—e—10x10
90 | —o—13x10"—a—15x10"
— 80} ]
S 70}
T 60f 1
I =
40F et ]
3fF = ]
20 L L 1 1
10" 10° 10' 10° 10°
c./c

(b)

. () SIR of the demodulated signal as a function of normalized loop gain for selected values of the ratio
5 of the LO phase-modulator. Quadratic term »

In Fig. 7(a), SIR of the demodulated signal is computed as
a function of the ratio ¢, /c3 for the selected values of ¢;/cs
ratio. For the reference a SIR is also plotted for the case when
co = 0. The selected values of the ratio ¢ /co are experimen-
tally obtainable for electrical circuits [15]. To the authors’ best
knowledge, the measurement of the quadratic term for the semi-
conductor phase-modulators has not been performed yet; how-
ever, some initial measurements are under constructions by the
authors’ group. We have therefore varied the ratio ¢; /co in order
to cover low and high values. Fig. 7(a) shows that as the ratio
c¢1/co 1s decreased, the SIR becomes severely limited by the
second-order nonlinearity. Furthermore, for low values of the
third-order nonlinearity of the LO phase modulator, the SIR be-
comes completely dominated by the second-order nonlinearity,
i.e., independent of the ¢; /c3 ratio. This is in accordance with
(17), i.e., if ¢3 is low third-order mixing product of the demodu-
lated signal is dominated by c,. However, the results in Fig. 7(a)
also show that for nonzero values of c5, there exists a combina-
tion of ¢y and ¢z for which the third-order mixing product is
minimized, i.e., peaking (resonance) of the SIR. This implies
that the combined effects of the nonlinearities associated with
the balanced receiver and the nonlinear LO phase-modulator re-
sponse plus the gain contribution from the feedback loop result
in cancellation of third-order mixing product. This is also ob-
served from (17) as stated earlier. Furthermore, the resonance
peak moves towards lower higher of ¢3 as ¢, is increased. So,
by having second-order nonlinearity associated with tracking
LO phase modulator, we can tolerate more cubic nonlinearity
cs. Having the ratio ¢1 /c3 of only 20 and ¢; /co = 40, the SIR
of 90 dB can still be obtained.

Suppose that we want to tailor the phase-modulator such that
SIR peaking is obtained. In practice, we may not be able to
match exactly the required values of ¢;/c3 and ¢y /¢y in order
to obtain SIR peaking, so we need to investigate what happens
if we are slightly off. In Fig. 7(b), the SIR is computed as a
function of loop gain when the ratio ¢; /c3 is varied from the
exact value of ¢; /¢3 for which the SIR peaking is obtained, i.e.,
c1/cs = 20 + Aogset- The ratio ¢ /co = 40 is held constant.
Fig. 7(b) shows that the SIR peaking is dependent on the loop
gain, and it occurs in a relatively wide band of the loop gain. It
is also noticed that as the ratio ¢; / c3 is varied, the resonant peak
of the SIR moves as well. So, by adjusting the loop gain, reso-
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Fig. 7. SIR of the demodulated signal as a function of
gain . 1 and ; 3
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Fig. 8. (a) SIR of the demodulated signal as a function of for .
values of the quadratic term  , of the residual amplitude modulation. ; -

nant peaking of the SIR can be re-obtained. Another thing which
should be addressed is frequency dependence of c3 if the de-
modulator is operated over a wide frequency range. Frequency
dependence will cause the ¢; /c3 to vary, and Fig. 7(b) can be
used to observe the effect of varying c; /cs. If the ratio ¢;/c3
varies with frequency for a specific loop gain, we will move
away from the resonant peaking of the SIR. One solution could
be to readjust the loop gain or to design wide band tracking LO
phase modulator. Furthermore, the demodulator could be de-
signed to operate in narrow frequency band.

B. Effects of Residual Amplitude Modulation

In this section, the impact of residual amplitude modulation
on the SIR is considered. Nonlinear phase response associated
with the tracking LO phase modulator is set to zero, i.e., co =
cs = 0. From (19), it can be observed that D; and D5 will have
impact on the third-order mixing product of the demodulated
signal. However, as seen in (19) D5 has no impact on the third-
order mixing product of the demodulated signal. In practice,
coefficients Dy, Do, and D3 can be related to the absorption
coefficient of the tracking LO phase modulator.

In Fig. 8(a), the SIR of the demodulated signal is computed
as a function of D , where z = 1,2, and 3. We assume that
terms D where > 3 are negligible, as it would be expected

» takes values:
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. (b) SIR of the demodulated signal as a function of loop

. (b) SIR of the demodulated signal as a function of
and V.

3 for selected

in practice. Fig. 8 shows thatas D; (D = 0,z = 2,3) isin-
creased beyond 5 - 103 1/V, the SIR starts to decrease. When
D5 is varied (D = 0,2 = 1,3) resonant behavior of the
SIR, similar to Fig. 7(b), is observed, i.e., there exist a value of
D5, for which the third-order mixing product is minimized. Fur-
thermore, we observe [Fig. 8(a)] that the effect of D is more
deteriorating than that of D,. For the case when Dj is varied
(D = 0,z = 1,2), the SIR is not affected, and this is in ac-
cordance with (19). Usually, for the semiconductor phase mod-
ulator, the quadratic term of the amplitude modulation is more
difficult to minimize than the linear term. We therefore need to
concentrate on the quadratic term of amplitude modulation.

C. Combined Effects of Nonlinearities and Their Cancellation

In this section, the combined effect of nonlinearities (non-
linear phase response and residual amplitude modulation) asso-
ciated with tracking LO phase modulator are considered. We
pay more attention on the quadratic term D, of the residual
amplitude modulation since it is more difficult to reduce (in
practice) for semiconductor phase modulators, compared to the
linear term D;.

In Fig. 8(b), SIR is computed as a function of the ratio ¢; /c3
when D is varied from 102 1/V to 10~ 1/V. The ratio ¢1 /co
is set to 40 and D; = 0.03 1/V. It is observed from Fig. 8(b)
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