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Abstract—In this paper, we present a coherent receiver based
on an optical phase-locked loop (PLL) for linear phase demodu-
lation. The receiver concept is demonstrated at low frequency. For
high-frequency operation, monolithic and hybrid integrated ver-
sions of the receiver have been developed and experimentally veri-
fied in an analog link. The receiver has a bandwidth of 1.45 GHz. At
300 MHz, a spurious free dynamic range (SFDR) of 125 dB Hz2 3

is measured.

Index Terms—Analog links, coherent communication, mi-
crowave photonics, phase-locked loop (PLL), phase modulation.

I. INTRODUCTION

THE transport of analog signals over optical fiber allows for
the placement of signal processing electronics away from

the often exposed location of the antenna unit. The low-loss na-
ture of fiber allows the signal to be transported over long dis-
tances with minimal signal loss. Since the transport is performed
in the optical domain, the link itself is immune to electromag-
netic interference. Original work on radio over fiber was consid-
ered for satellite communication applications [1]. More recent
efforts have primarily focused on wireless mobile communica-
tion systems [2], where the relatively linear response of inex-
pensive directly modulated sources [3], [4] make moderate per-
formance inexpensive links attractive for this application.

For higher dynamic range analog systems that require ex-
treme linearity, radio over fiber does not currently meet the most
stringent performance requirements. Direct modulation of laser
diodes is a linear process, but the need for high speed modu-
lation and very low noise at the signal frequency is difficult to
meet with a single optical source. The two requirements can be
decoupled if an external optical modulator is used. However, for
intensity modulation the modulation depth is limited to 100%
and it is difficult to fit a truly linear transfer function between
zero and full transmission. In contrast, optical phase modula-
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Fig. 1. Schematic outline of receiver architecture.

tion can generate practically unlimited modulation depth. Many
optical phase modulators also rely on the linear electrooptic ef-
fect, e.g., LiNbO modulators. Unfortunately, there is currently
a lack of techniques for linear phase demodulation. A standard
optical mixing based phase detector has a sinusoidal response
which then limits the link performance [5].

In this paper, we describe a technique for linear optical
phase demodulation using an optical phase locked loop [6].
The paper is organized as follows. In Section II the operating
principle of the phase detector is outlined and a basic analytical
model is developed to reveal the limits of performance of the
phase detector. The next section summarizes a proof-of-prin-
ciple system demonstration built using discrete components
at low frequency. Section IV introduces the development of
a high-speed integrated optical phase receiver. The following
section describes the performance of the subcomponents of the
receiver, before the link results using the integrated receiver are
shown in Sections VII and VIII.

II. THEORY

The base function of the proposed receiver is shown in the
diagram of Fig. 1. The receiver is built around a standard optical
mixing based phase detector with a differential output signal
current given by

(1)

Where and are signal and LO optical power, and
are optical phase and is the responsitivity of the de-

tector. This signal is then amplified to form a driving voltage
to a tracking optical phase modulator

(2)

where are detector and modulator impedances and
is the amplifier transimpedance. Finally, the feedback phase is
given by

(3)
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Fig. 2. Simulated close loop response of receiver.

where is the half wave voltage of the reference modulator.
For a linear phase modulator and for close phase tracking, i.e.,
when the feedback gain is large and , the reference
modulator drive signal, will be linearly related to the input
phase and forms the linear output signal from the receiver.

The receiver forms a classic feedback system where the
Laplace transform can be applied. The sine component in (3)
can be linearized and the LO phase is given by

(4)

where if is the Laplace variable, is the open-loop
gain and is the delay of the feedback path, now appearing in
an exponential term. The delay will add a phase lag at higher
frequencies and to prevent oscillation in the feedback loop, the
feedback gain must be below unity at the frequency where the
phase crosses . This forms the basic bandwidth limita-
tion in the loop such that to generate a fast feedback loop at
microwave frequencies, picosecond feedback delay is required.

The closed-loop response given by can
be calculated from the open-loop transfer function. The overall
optical link response using the closed-loop receiver can now be
calculated. Fig. 2 shows an example of such a calculation where
an effort has been made to use measured data from Section VI
to derive the component performance parameters that contribute
to the open-loop transfer function.

This feedback loop differs from a typical optical phase-lock
loop in that an optical modulator is used instead of a current
controlled oscillator (CCO) in the form of a frequency tuned
laser [7]. Here, the phase tracking range is limited by the avail-
able phase swing across the reference modulator. This limita-
tion can be overcome by implementing an additional, slow loop
to extend the tracking range, and/or having an LO input that is
coherent in phase with the unmodulated signal input. The lack
of a CCO removes an integration in the loop that needs to be
compensated for. This can be implemented by tailoring the fre-
quency dependence of the transimpedance amplifier to provide

the right feedback response. A better solution is to rely on the
detector and modulator impedances. By taking advantage of the
detector and modulator capacitances, two integrations are au-
tomatically formed and the feedback amplifier now only needs
to incorporate a lag-compensation network for stability in order
to form a second-order phase-locked loop. This leads to greatly
improved efficiency, in that no matching resistors need to be
used to generate a flat detector and modulator frequency re-
sponse. In fact, for sufficiently high photocurrent values, it be-
comes possible to not use any transimpedance amplification in
the feedback path but to instead rely on a direct interconnect be-
tween modulator and detector to realize a first-order loop with
a single pole formed by the detector in parallel with the modu-
lator impedance.

III. PROOF OF CONCEPT DEMONSTRATION

In order to explore the feasibility of the proposed receiver and
demonstrate that closure of the feedback path results in a signif-
icant enhancement of linearity without any penalty in SNR, a
proof of principle experimental setup was built [8]–[10]. The
operating frequency is limited to the 100 KHz range due to the
relatively large loop delays introduced by the fiber patch cords
of the discrete components used in the receiver.

The experimental arrangement for this approach is outlined in
Fig. 3. The output from a continuous-wave (CW) optical source
is split into a signal path and a reference path using a polar-
izing beam splitter (PBS) and polarization maintaining fiber. A
two-tone RF probe signal (140 KHz and 160 KHz) is applied
separately to the LiNbO phase modulators at the transmitter.
In the receiver, the signals from the two paths are mixed and
photodetected. The optical mixer is composed of a single-po-
larization optical coupler and a balanced photodetector. PM4 is
the local phase modulator that provides feedback. The load of
the balanced photodetector is 100 pf in parallel with the parallel
combination of 2.96 k and 20 k . PM3 is driven by a slow
feedback circuit that tracks large but slow variations in phase
caused by the environment around the setup and uses it to main-
tain the bias of the demodulator at quadrature. A first-order RC
filter is added to the output stage to suppress any noise generated
by the stabilization electronics from entering the signal loop.
A more detailed description of the experiment can be found in
[11].

When the photocurrent from the balanced photodetector is
large enough, say a few mA, several volts of voltage swing can
be obtained with a high impedance load. This is sufficient to
drive the LiNbO reference modulators on the LO branch and
consequently eliminates the need for electrical loop amplifiers,
forming an “all-optical” loop as described in the previous sec-
tion. The frequency dependence of the load now determines the
loop filter function. It is worth noting that the balanced modu-
lator configuration described in Section V and implemented in
the integrated version of the receiver is not realized in the dis-
crete setup.

Fig. 4 plots the power of the detected fundamental and inter-
modulation terms as a function of the input link power. The sta-
bilization loop remains closed for both open and closed loop op-
eration. A SFDR of 104.5 dB Hz is obtained for open loop
operation.
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Fig. 3. Experimental setup of the all photonic version of the proposed coherent receiver. ESA: Electrical Spectrum Analyzer; PD: photodetector.

Fig. 4. SFDR measurement at 3.13 mA of average photocurrent per detector.
Gray: open loop; Black: closed loop. IMD: third-order intermodulation
distortion.

When the loop is closed a number of effects are observed.
First, there is a significant decrease in the detected power on ac-
count of the reduced net phase swing across the demodulator.
However, as predicted, this is not accompanied by any degra-
dation in SNR as the noise floor too is suppressed by the same
factor. The second effect is a drastic reduction of the intermod-
ulation terms that appear at 120 and 180 KHz. This translates
into an improvement in SFDR by about 20 to 124.3 dB Hz .
The calculation of shot noise power when the loop is closed is
complicated by the feedback effect. Essentially, the shot noise

current manifests itself as phase shot noise at the reference mod-
ulator. This in turn appears as voltage shot noise at the ouput of
the balanced PD. With the buffer switch in position B (Fig. 3)
the shot noise power is measured on a Electrical Spectrum An-
alyzer (ESA) that has a 50- termination. It is observed that
the measured noise levels are approximately 10 dB higher than
the theoretical shot noise limit. As a consequence of operating
at low frequencies, the difference can be attributed to the
noise contributions from the optical source. The proof of con-
cept demonstrations of the optoelectronic and all photonic feed-
back receivers is the first step towards realizing a receiver that
has an operating bandwidth in the gigahertz range. Such a re-
ceiver requires low feedback delay ( ps) and consequently,
hybrid or monolithic integration of electronics and photonics is
necessary [12].

IV. INTEGRATED RECEIVER DEVELOPMENT

To reach microwave frequencies the latency in the loop needs
to be small. In the proof-of-principle demonstration above using
fiber optics, component length of several meters produced a loop
operating frequency of 100 kHz. Using two orders of mag-
nitude more compact LiNbO waveguiding would produce a
low operating frequency on the order of 10 MHz. To reach mi-
crowave frequencies of around 1 GHz, a waveguiding platform
four orders of magnitude more compact than fiber optics must be
used with component lengths in the 100s of microns region. This
is being satisfied using an InP photonic integration platform.

Fig. 5 shows an SEM and block diagram of the low latency
feedback receiver comprising of a photonic integrated circuit
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Fig. 5. SEM and block diagram of Integrated Optoelectronic Receiver: Wire
bonds in upper part connect to Integrated Electronic IC (not shown).

and an electronic integrated circuit. The InP based photonic
IC consists of a balanced UTC photodetector pair [13], a
2 2 waveguide multimode interference (MMI) coupler and
tracking phase modulators in a balanced configuration. In
quadrature, this type of balanced receiver discriminates against
common-mode and second-order nonlinearities. The tracking
optical phase modulators are driven differentially so as to
add opposite-sign phase shifts to the incoming signal and LO
resulting in a cancellation of even-order nonlinearities and
common-mode noise. Additionally, driving the modulators in
a differential fashion doubles the drive voltage presented to
the modulator thereby doubling the available phase swing. The
capacitances of the photodiodes and modulators are exploited
as circuit elements rather than being parasitics that need to be
eliminated. These now perform the desired loop integrations
and can therefore be much larger. The electronic chip that in-
terfaces with the PIC is primarily a transconductance amplifier
that converts the voltage generated by photodiode integration
into a modulator drive current. The modulator integrates this
current to produce the required phase shift. The electronic IC
also has a pair of buffer amplifier capable of driving 50 ohms.
The electronic chip finally contains a lag compensation circuit
to improve the phase margin and provide stability to the system.

Because the detector and modulator capacitances are imple-
mented as lumped elements and best operate as ideal current
mode integrators, a high-gain version of the receiver that re-
quires no electronics in the feedback path is feasible. The de-
tector photocurrent drives the sum of the photodiode and mod-
ulator capacitance, generating a voltage that is proportional to
the photocurrent. As the received photocurrent increases, lower
gain is required from the electronic amplifiers in the phased
locked loop. Subsequently, for sufficiently high photocurrents
the modulator impedance can be tailored to provide adequate
filtering and stable phase feedback so that it can be driven di-
rectly by the detector photocurrent, similar to the proof-of con-
cept demonstration in Section III. An SEM and block diagram

Fig. 6. SEM and block diagram of Integrated All-Photonic receiver.

Fig. 7. IMD3 measurements for a 10 �m � 150 �m UTC-PD. At 20 mA the
bias voltage is �8 V and at 40 mA the bias voltage is �5:8 V.

of this all photonic receiver is shown in Fig. 6. Note that an elec-
tronic chip is still required to provide a buffered output.

The practical challenge in taking full advantage of the lin-
earity of a phase modulated link stems from stringent perfor-
mance requirements on the detectors and modulators.

V. MODULATOR AND DETECTOR PERFORMANCE

In the low frequency, all photonic demonstrator, the SFDR
obtained was limited by the maximum amount of photocurrent
(3.13 mA per detector) and linear voltage swing that could be
detected without degradation in linearity. It is predicted that if
this number can be increased to 100 mA then 138–148 dB
Hz of SFDR can be realized. However, this means that highly
linear photodiodes must be used with output IP3 performance
on the order of 50 dBm at this photocurrent. Fig. 7 shows the
OIP3 of the UTC photodiode used in the receiver. A 10 m
150 m UTC-PD has a saturation current greater than 40 mA
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Fig. 8. Schematic of Experimental setup for Link Experiment.

and OIP3 values of 43 and 34 dBm at photocurrent levels of 20
and 40 mA, respectively [14].

A second critical performance requirement is the linearity of
the phase modulators. While closed-loop operation suppresses
nonlinearities from the optical interferometer as well as the am-
plifier, any nonlinear response of the phase modulator will re-
main. Since the feedback loop will force the reference phase to
closely track the signal phase, a nonlinear phase modulator will
consequently be modulated by a nonlinear drive signal. Using
linear LiNbO phase modulators, this is not a limiting problem.
However, Stark effect InP phase modulators predominantly rely
on the more efficient quadratic electrooptic effect. The high effi-
ciency leads to very short modulator structures and low latency,
but the linearity of a single modulator will limit the available
receiver performance.

An improved modulator configuration is obtained by placing
two phase modulators, one in the signal arm and one in the LO
arm, in a push-pull configuration. These are now driven in an-
tiphase. The compound response is now given by

(5)

Where and are the modulation phase and drive voltage,
respectively, and is the Taylor expansion coefficient around
the modulator bias point. It is seen that the quadratic term along
with any higher even-order terms are cancelled using this con-
figuration. A second beneficial effect is that the amplitude mod-
ulation from the phase modulators is to a first-order approxima-
tion cancelled [15].

VI. ANALOG LINK EXPERIMENT

The performance of both receivers was evaluated by placing
them in an experimental test bed that simulates an analog link
[14]. The setup, shown in Fig. 8, is similar to the configuration
described earlier for the low-frequency demonstration. How-
ever, a few modifications have to be made in order for the system

to handle the high optical powers (20–28 dBm) used in the link
experiment. For instance, a 100-GHz DWDM drop filter rated
to 5 W is used instead of an optical bandpass filter. Additionally,
a 50/50 polarization maintaining (PM) coupler replaces the po-
larizing beam splitter (PBS).

At the transmitter, a two tone drive signal is applied separately
to LiNbO Phase modulators that have V ’s of 4.4 and 5.5 V
respectively. This ensures the spectral purity of the drive signals
as the closely spaced RF tones ( MHz) are combined in
the optical domain.

At the output of the receivers the differential signal is tapped
into a slow feedback loop which generates a low-frequency
drive signal to one of the phase modulators. This stabilizes the
system against environmental drifts and maintains the bias of
the phase demodulator at quadrature. Ideally, the stabilization
circuit should be located in the receiver module. However, for
experimental convenience it is driving the phase modulator at
the transmitter.

The box labeled ‘Integrated O/E receiver’ shows a schematic
of the photonic integrated circuit coupled with the tran-
simpedance amplifier and buffer of the electronic integrated
circuit used in the optoelectronic (O/E) version of the receiver.
The differential output from the amplifier drives the reference
modulators on the PIC. The RF outputs sensed from the buffer
constitute the receiver’s output. They are 180 out of phase and
are combined differentially.

VII. FREQUENCY RESPONSE

A. Optoelectronic Receiver

The effect of the feedback architecture is to suppress the net
phase swing across the detector by a factor of where

is the Loop Transmission Gain. Fig. 9 plots the closed loop
frequency response of the receiver at different levels of detected
photocurrent.

From theory we know that when the loop is locked and the
reference modulator is closely tracking the incoming phase, the
link gain is determined by the ratio of the drive signals to the
source and reference modulator. This can be observed at low
frequencies for a wide range of photocurrents. As the frequency
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Fig. 9. Link gain of optoelectronic receiver at varying photocurrent levels.

increases, the feedback gain decreases and only at high pho-
tocurrent levels is the gain sufficient for phase tracking. Beyond
a point, the loop transmission gain is too low for any tracking
and consequently, the optical link gain becomes proportional to
the photocurrent and loop filter transfer function. The loop band-
width, here defined as the 3 dB frequency of the closed-loop link
response, reaches 1.45 GHz at 12 mA of photocurrent. The delay
limited bandwidth, within which the loop remains stable is ap-
proximately 4 GHz. Additionally, we note a peaking in the link
gain for high photocurrent values at frequencies close to a GHz.
This can be explained by the denominator in the closed-loop
gain, . A second-order feedback loop contains two in-
tegrations with a feedback phase. To provide stability
at unity gain, the transimpedance amplifier contains a lag-com-
pensating network to push the phase well above at unity
gain. This has been designed for delay-limited feedback gain
and does therefore not provide optimum lag-compensation at
around 1 GHz.

B. All Photonic Receiver

The operation of the all photonic receiver differs from the op-
toelectronic receiver in that the efficiency of the modulators is
sufficiently high for them to be driven by the absorbed RF pho-
tocurrent alone. The modulators are operated under forward bias
and have an I of approximately 10 mA below 100 MHz. Fig. 10
shows the measured link response using this receiver. In the op-
toelectronic receiver when the incoming phase is being tracked
closely by the reference modulator, the response is flat and de-
termined by the drive voltage ratio to the source and reference
modulator. In the all photonic receiver the response when the
loop is closed varies with frequency. This is observed in the
plot in Fig. 10 and can be attributed to the frequency depen-
dence of the I of the modulator. The link gain is still related to
the ratio of V between source and reference modulator. For a
forward biased modulator, the diode impedance is typically very
low (10–15 ) and requires a very small drive voltage, overall

Fig. 10. Link gain of all-photonic receiver at varying photocurrent levels.

Fig. 11. SFDR of optoelectronic receiver at 300 MHz, 500 MHz and 1 GHz.
Photocurrent set at 12 mA per detector.

resulting in a much lower link gain than when a reverse biased
reference modulator is used.

VIII. SFDR MEASUREMENT

Using the Link Setup of Fig. 8, a two tone SFDR measure-
ment is made on the optoelectronic receiver at three different
frequencies with the same photocurrent (12 mA) in each de-
tector. The results of this measurement are shown in Fig. 11. In
Section VI we observed that the loop gain is higher at lower fre-
quencies. Hence, the reference modulator can better track the in-
coming signal phase and consequently the SFDR is much higher
at 300 MHz (125 dB Hz ) than at 500 MHz or 1 GHz. As the
loop gain decreases there is a diminishing reduction in the net
received phase and at 1 GHz the reduction is negligible. Thus,
the SFDR measured (113 dB Hz ) corresponds closely to the
open loop SFDR at that frequency. The noise floor shown is the
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Fig. 12. SFDR of all photonic receiver at 500 MHz and 15 mA of photocurrent
per detector.

calculated shot noise level. In practice, the noise floor is deter-
mined by the ASE of the high-power EDFA (30 dB gain, 5.5 dB
NF) that was used to provide the required optical power. It is es-
timated that if a low-noise, high power laser is used, shot-noise
limited operation should be available at this photocurrent level.

Fig. 12 shows a similar SFDR measurement made at
500 MHz on the all photonic receiver. The SFDR is consid-
erably lower (110 dB Hz ) when compared to the SFDR
at 500 MHz (121 dB Hz ) for the optoelectronic receiver.
Shot-noise limited performance is also not available for this
receiver configuration. Since the on chip reference modulators
are forward biased their drive voltage is low and consequently,
the buffer amplifer noise is higher than the drive signal to the
modulator needed to suppress the shot noise of the receiver.
In the receiver, thermal noise dominates over the shot noise at
the received photocurrent (15 mA). An effort is being made to
realize lower loss and hence, higher receiver photocurrent and
loop gain for both the optoelectronic and all-photonic receiver
architectures.

IX. CONCLUSION

In this paper, we have described and experimentally demon-
strated a coherent integrated receiver that is based on a broad-
band optical phased locked loop. The delayed limited bandwidth
of the loop is 4 GHz. In order to port the link to a much higher
carrier frequency, we are exploring the idea of optical sam-
pling [17]–[21]. Additionally, the PLL bandwidth of 1.45 GHz
demonstrated here would be sufficiently large to track the phase
noise of standard semiconductor lasers with low phase error.
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