


1. Introduction

The use of optical links for the transmission of RF signals is a subject of considerable inter-
est for future commercial and military systems [1, 2]. Intensity modulated analog optical links
have been limited in performance by the nonlinear response of optical modulators [1]. The un-
derlying reason for this is that the response of optical intensity modulators is ’hard-limited’ by
zero and full transmission. In contrast, optical phase modulation has no fundamental limit to
modulation depth besides that given by the available modulation range in optical phase mod-
ulators. The challenge to implement a linear phase-modulated optical link lies in the receiver
structure. A traditional coherent receiver has a sinusoidal response limiting the overall dynamic
range of the optical link [3]. We have recently proposed, theoretically investigated and ex-
perimentally demonstrated a novel coherent optical phase-locked demodulator with feedback
[4, 5, 6, 7] resulting in 15 dB of SFDR improvement compared to the traditional approach. The
concept of this novel receiver is illustrated in Fig. 1. The output from the phase demodulator (a
balanced optical mixer) is ampli�ed and �ltered by electron ics, 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 [4, 6]. However, to achieve a high band-
width phase-locked receiver, compact semiconductor phase modulators have to be used to keep
loop delay suf�ciently low. These modulators can have fairl y nonlinear response signi�cantly
limiting the dynamic range of the receiver [9]. Furthermore, the modulator distortion usually
dominates over photodiode distortion and compensating for the modulators nonlinearities is
therefore of signi�cant importance [1]. In this paper, the i mpact of system nonlinearity, associ-
ated with tracking phase modulator, on the demodulated signal are determined in terms of the
signal-to-intermodulation ratio. Furthermore, we propose a method to cancel out nonlinearities
associated with the tracking phase modulator and inherently nonlinear response of the balanced
detector.

2. Novelty of the work

A review of different linearization (cancellation) techniques can be found in reference [8]. So
far, linearization techniques have been applied to intensity modulated analog optical links and
mostly concentrated on the transmitter side. In many cases, the linearizer circuit was design
to cancel either quadratic or cubic nonlinearity and cancellation of nonlinearities occurred in
relatively narrow band (input RF signal power and frequency) [8]. We show that we can simul-
taneously cancel nonlinearities associated with the balanced receiver and tracking LO phase
modulator by purely adjusting the loop gain and tailoring the nonlinearities of the tracking LO
phase modulator. No extra circuitry is needed in order to obtain the cancellation. The proposed
cancellation technique in this paper is frequency and power independent and has not been re-
ported previously. Furthermore, the overall receiver concept is novel for linear optical phase
demodulation, and as such, the �rst paper providing detaile d analysis and deeper understanding
of the receiver must therefore be not only novel but also very useful.

3. Model set-up

The set-up of the phase-locked optical demodulator, on which we base our model, is shown in
Fig. 1.



Optical
source

Loop
filter

LO Phase
modulator

Remote
antenna unit

In. Phase
modulator

BPF

Input RF sig.

Receiver unit

Balanced detector pair

2x2
coupler

RF output
Vout

Optical path; Electrical path;

RL

ϕLO

Ein(t)

ELO(t)

ϕin

Fig. 1. General outline of phase-modulated optical link and phase-locked optical demodu-
lator at the receiver unit.

The received RF signal, Vin(t) is used to directly modulate an optical phase modulator at the
remote antenna unit. The corresponding optical signal Ein(t), see Fig. 1, is then written in
complex notation as 1:

Ein(t) =
p

Pine j(ω0t+φin(t)) (1)

where ω0 is the optical frequency and Pin is the power of the optical �eld. Taking into con-
sideration the nonlinearities associated with the (input) phase-modulator located at the remote
antenna unit the phase of the optical signal, ϕin(t), is expressed as:
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where Vπ;in is the voltage of the input phase-modulator, in order to obtain π phase shift and
a1;a2 and a3 represent the terms of the polynomial expansion of the input modulator nonlinear
phase response. In order to characterize dynamic range of the demodulator, the input RF signal
Vin(t) is assumed to consist of relatively closely spaced tones [10]:

Vin(t) = V1 sin[ω1t]+V2 sin[ω2t] (3)

where V1 and V2 are the amplitudes of the input RF signals and ω1 and ω2 are the input RF
signal frequencies. The optical signal Ein(t) is then transported to the receiver unit where its
phase, is compared to the phase of the local optical signal ELO(t), using the balanced detector
pair with load resistance RL. A single optical source is used for both the remote antenna and the
receiver unit. The optical LO signal, ELO(t), is thereby expressed as:

ELO(t) =
p

PLO(t)e j(ω0t+φLO(t)) (4)

where φLO(t) is reference phase (signal) and is function of the feedback loop parameters, see
Fig. 1 and PLO is the power of the optical �eld 2. Following Fig. 1 after the 3-dB coupler, we
have in one arm:
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1The scalar notation is used for both Ein(t) and ELO(t) by assuming that the two �elds are identically polarized.
2Due to the residual amplitude modulation of the tracking LO phase modulator PLO will be time dependent. This is

explained in more details later in the text



The output of the second arm is:

E2(t) =
1p
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PLO(t)e j(ω0t+ϕLO(t)�π=2) (6)

where in equations (5) and (6) an ideal coupler has been assumed, i.e. equal splitting ratios.
Taking into account the non-linearities associated with the photodetectors, the photocurrents
generated in each branch of the balanced receiver, I1(t) and I2(t), containing the phase differ-
ence between φin(t) and φLO(t) are then expressed as:
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where Rpd is the responsivity of the photodetectors and is assumed equal for both photodetec-
tors. bn represent the terms of polynomial expansion of the non-linear response of the photodi-
odes and n is an integer. In practise, it is only necessary to consider n = 1::3.The output signal
from the balanced photodetector pair with load resistance RL contains the phase difference
between φin(t) and φLO(t) is expressed as:

Vpd(t) = RL
�

I2(t)� I1(t)
�

(9)

The signal Vpd(t) is then used to control the feedback loop. (After the loop has acquired lock, the
phase difference ϕin(t)� ϕLO(t) will approach zero.) The signal Vpd(t) is then passed through
the loop �lter (low pass) and ampli�ed:
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where τLF = 1=2π fLF is inversely proportional to the bandwidth of the loop �lter and A is
the gain of the loop �lter. Vout(t) is the output of the loop �lter and the desired demodulated
RF signal. Vout(t) is then applied to the tracking LO phase modulator. The phase vs. voltage
characteristic of the LO phase modulator is nonlinear. In practice, for the semiconductor phase
modulators the quadratic and cubic nonlinearity terms will dominate over the higher order
terms, and the phase-voltage relation can thereby be expressed as:
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where c1;c2 and c3 represent the terms of the polynomial expansion of the LO phase modulator
response. In addition to nonlinearity associated with phase vs. 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.The normalized E-�eld amplitude
of the (optical) LO signal can therefore be expressed as:
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whereA0 if the E-�eld amplitude of the LO signal in the absence of amplitude modulation. In
order to determine the overall dynamical response of the loop, the total phase error is de�ned
as:

f e(t) = j in(t) � j LO(t) (13)

Taking the derivative of equation (13), (11) and (2), we obtain the differential equation describ-
ing the total phase error in the loop expressed in its generalform as:
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It should be noted that Eq. (14) includes the effects of cascaded sources of nonlinearities associ-
ated with the input phase modulator, sinusoidal response ofthe balanced receiver, photodetec-
tors and tracking LO phase modulator, giving a good insight into demodulators dynamics. We
are therefore going to base our model on Eq. (14) and (10). By solving Eq. (10) together with
Eq. (14), the desired demodulated signal,Vout(t), is obtained characterizing the overall nonlin-
ear response of the loop. Eq. (14) and (10) are �rst order non-linear differential equations and
their solutions can be obtained numerically.

When the input RF signal consists of relatively closely spaced frequencies, the nonlinear re-
sponse of the loop components will result in intermodulation distortion of the demodulated
signal. 3rd order intermodulation products are especiallyimportant because they may set the
Spurious Free Dynamic Range (SFDR) of the system [10]. The demodulated signal,Vout(t) is
then characterized by the Signal-to-Intermodulation Ratio (SIR) which is the ratio between the
power of the demodulated signal (w1 or w2) and 3rd order mixing product (2w1 � w2;2w2 � w1).
Loop gain is de�ned as:K = ( p

p
PinP0ARpdRL)=Vp;LOt LF .

4. Linearity analysis based on perturbation theory

The time domain numerical model, based on nonlinear differential Eq. (14) and (10) is of rather
complex nature and there are many parameters involved. The model is therefore detailed and in
good agreement with experimental results, as it will be shown in section 5. However, due to the
complex behavior of the nonlinear systems, it may be cumbersome to interpret its results. In this
section, we therefore derive simple approximate 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 timedomain numerical model. For sim-
plicity, the loop �lter and nonlinearities associated withthe photodetectors are not considered.
Furthermore,Vp is assumed equal for the input and tracking LO phase modulator.

LetVre f (t) denote the signal incident at the tracking LO phase modulator when the loop is open:


