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Producing Known Complex Modulation Signals
for Characterization of Coherent Optical Receivers

Tasshi Dennis, Member, OSA and Bernd Nebendahl

Abstract—We introduce a family of complex modulation sig-
nals that are generated as patterns over the real and imaginary
plane for characterization of coherent optical receivers. The prop-
erties of the complex signals can be predicted from first principles,
enabling quantitative comparisons between measurement and the-
ory. An optical heterodyne technique with phase-locked loops for
frequency control and narrow-band lasers was used to create the
known signals, providing temporal stability and ease of operation.
The modulation patterns could be made arbitrarily intricate sim-
ply by selection of the heterodyne frequencies, with no hardware
modifications. The technique is capable of generating signals with
frequencies of more than 100 GHz. A real-time optical modulation
analyzer was used to visualize the modulation patterns and illus-
trate their properties. In turn, we used the modulation patterns to
characterize the coherent receiver within the modulation analyzer,
thereby examining its demodulation algorithm, software process-
ing, digital filtering, and detector gain balance. By working with
known modulation patterns, we were able to create an error vector
waveform to allow quantitative evaluation of measured signals as
they spanned the complex plane.

Index Terms—Coherent communications, complex modulation
formats, heterodyne, metrology, phase lock loop.

I. INTRODUCTION

COHERENT optical communications techniques utilizing
complex modulation formats have become the preferred

method for achieving data rates of 100 Gb/s and beyond on a
single optical carrier. Complex formats modulate both the am-
plitude and phase to increase the spectral efficiency of a network
by increasing the number of bits per transmitted symbol [1], [2].
In general, to fully demodulate an optical signal with a complex
format requires a coherent optical receiver [1], whether to re-
cover the transmitted bits of information or to visualize the
signal for monitoring purposes. The coherent receiver removes
the carrier frequency by optically mixing the signal with a local
oscillator, while at the same time preserving the amplitude and
phase modulation information. As such, the coherent receiver is
a crucial network component, but requires proper characteriza-
tion to achieve highly accurate, quantitative performance. One
method to obtain this characterization is to quantify how well a
receiver can measure complex signals that are known from first
principles or have been accurately characterized.
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A variety of measurement methods exist that are capable
of characterizing both the magnitude and phase of complex
modulated optical signals, including, but not limited to quadra-
ture detection with electrical sampling [3], linear optical sam-
pling [5], [6], nonlinear optical sampling [7], and coherent spec-
trum analysis [3]. However, as varied as these measurement
methods may be, all ultimately incorporate or function as a
coherent receiver, requiring some form of calibration.

In addition to the well-known challenge of calibrating the
amplitude and time axes of a direct-detection receiver or an os-
cilloscope with an optical front end [8], [9], a coherent optical
receiver must also have a calibrated phase axis. Viewed differ-
ently, the in-phase and quadrature amplitude axes of a coherent
receiver must be simultaneously well characterized at all points
in the complex plane. Ideally, the measurement of a signal that is
uniformly distributed, for example 64-QAM, will be measured
accurately and displayed free of distortions in both the in-phase
and quadrature directions.

Calibration of the complex measurement plane is difficult
because the generation of modulated test signals is inherently
complicated, and the devices used typically have an imperfect
response. For example, the dual-parallel Mach–Zehnder mod-
ulator can generate an arbitrary complex signal; however, its
amplitude response is not perfectly linear, and the device must
be operated at three bias points that drift. Such imperfections
alone are not a problem if they can be independently verified,
but therein resides the problem that the available metrology
tools may lack the necessary calibration. Furthermore, many
metrology tools based on coherent receivers may rely heavily
on software algorithms in order to present a signal in a mean-
ingful way, by correcting for carrier phase drift, polarization
multiplexing, and gain variations [10], [11]. This makes them
considerably tolerant to their own instrument imperfections, but
may also unknowingly allow them to compensate for imper-
fect test signals, which in turn makes it more difficult to isolate
the instrument characteristics. In effect, such instruments act
as “golden” receivers, raising the recurring question: is it the
source or is it the receiver?

The imperfect response of a coherent receiver in the com-
plex plane may result from a number of physical impairments,
such as polarization misalignment and finite extinction, output
path skew, limited detector bandwidth and gain imbalance, or
quadrature angle error. Methods exist to measure some of these
impairments; two lasers (described later) can be used to mea-
sure the quadrature angle [6], [12] and the output path skew [12].
However, a generalized test signal that traverses beyond the unit
circle would allow a broader array of receiver properties to be
characterized.
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Fig. 1. The creation of heterodyne modulation patterns is illustrated for
(a) two and (b) three narrowband lasers. In each case, one laser is dedicated as
the local oscillator.

In this study, we describe signals for characterizing coher-
ent optical receivers as found in both optical networks and in
metrology tools for complex modulation analysis. We generate
a family of complex modulation patterns based on a combina-
tion of narrow frequency tones that can be accurately predicted
from first principles. We chose to demonstrate the utility of
these patterns by characterizing the digital bandwidth and de-
tector gain imbalance of a receiver, and anticipate that they can
be effectively applied to many other receiver properties. The
work presented here improves upon and greatly expands our
preliminary demonstration of this technique [13].

II. HETERODYNE CALIBRATION SIGNALS

Our characterization approach is based on a high-accuracy
heterodyne technique used for the calibration of high-speed pho-
toreceivers to frequencies greater than 50 GHz [4]. As demon-
strated here, our technique is a simplistic form of optical ar-
bitrary waveform generation by use of a few sinusoidal tones.
The characterization of radio-frequency equipment often uses
a similar multi-tone approach because these signals are easy to
control and can be accurately known [14]. Fig. 1 illustrates the
simple cases of complex pattern generation by use of two and
three single-frequency tones or monochromatic lasers. A single
laser (red) serves as the local oscillator and the remaining lasers
(blue) act as the signal applied to a coherent optical receiver.
In the two-laser example shown in Fig. 1(a), the demodulated
signal in the complex plane traces out a trajectory restricted to
the unit circle, such that the phase varies continuously but the
amplitude remains constant. The pattern completes one rotation
at a rate determined by the difference frequency between the
two lasers, which in this example is 5 GHz. This simple pattern
is useful for characterizing some receiver properties, such as the
quadrature angle [12]. Fig. 1(b) illustrates the more complicated
scenario involving a signal composed of two lasers, resulting in
a demodulated pattern that sweeps through the interior of the
unit circle five times. In both cases, the in-phase and quadrature
components vary continuously, but only the three-laser case has
continuous variation of both amplitude and phase. As shown, the

three-laser case traces one complete pattern at a rate of 1 GHz,
and the number of lobes in the pattern is determined by the ra-
tio of the laser difference frequencies. By simply adjusting the
difference frequencies, the pattern coverage within the complex
plane can be altered. It can be shown that the three-laser case can
also be used to characterize the quadrature angle of a coherent
receiver.

Considering in more detail the case of three lasers (one local
oscillator (LO) and two signal (S) lasers), we can describe the
electric field of the signal Es and the local oscillator ELO as

Es(t) = E1e
i(ω1 t+θ1 ) + E2e

i(ω2 t+θ2 ) (1)

ELO(t) = ELOei(ωL O t+θL O ) (2)

where the subscripts 1, 2, and LO denote the three lasers, each
having amplitudes E, frequency ω, and phase θ. Demodulating
Es in a quadrature optical receiver with ELO as the local os-
cillator, followed by square-law balanced detection, gives the
in-phase (I) and quadrature (Q) voltage signals proportionally
as

I(t) ∝ Es(t) · ELO(t)∗ + Es(t)∗ · ELO(t) (3)

Q(t) ∝ Es(t) · ELO(t)∗e−iπ/2 + Es(t)∗ · ELO(t)eiπ/2 . (4)

More specifically, in terms of the electric-field components of
each laser, we have

I(t) ∝ E1 · cos((ω1 − ωLO)t + θ1 − θLO)

+ E2 · cos((ω2 − ωLO)t + θ2 − θLO) (5)

Q(t) ∝ E1 · sin((ω1 − ωLO)t + θ1 − θLO)

+ E2 · sin((ω2 − ωLO)t + θ2 − θLO). (6)

The shape of the modulation pattern in the complex plane
described by I(t) and Q(t) is determined by the amplitude of
E1 relative to E2 , and the frequency differences between ω1 , ω2 ,
and ωLO . If the three lasers are phase-locked to each other, the
phase offsets θ1 , θ2 , and θLO are all constant with time and
their values will determine only the angular orientation of the
modulation pattern, but not the shape. The pattern plotted in
Fig. 1(b) was obtained by plotting (5) and (6) in the complex
plane with E1 = E2 at a difference frequency of (ω1 − ω2)/
2π = 5 GHz. The LO laser was offset by 1 GHz from one of the
signal lasers, as shown in the figure, and the phase terms θ1 , θ2 ,
and θLO were all set to zero.

III. EXPERIMENTAL SETUP

Fig. 2 shows the experimental setup for generating calibra-
tion test signals with three lasers near 1550.0 nm and the opti-
cal connections to a coherent optical receiver used to visualize
the generated patterns. Two 10 mW fiber lasers with linewidth
specifications of less than 1 kHz and 1 nm or 125 GHz of wave-
length tuning were combined to form the measurement signal.
The optical phase-locked-loop system [4], [15] that controlled
their difference frequency applied feedback to an internal piezo-
electric tuning element in one of the laser cavities as well as an
external acousto-optic modulator for fast phase corrections. The
third laser, which served as an LO for the optical receiver, was



DENNIS AND NEBENDAHL: PRODUCING KNOWN COMPLEX MODULATION SIGNALS FOR CHARACTERIZATION 3709

Fig. 2. The experimental system used to generate known complex modulation
patterns and characterize coherent optical receivers. PLL: phase-locked loop;
LO: local oscillator.

a semiconductor waveguide laser with a linewidth specification
of 5 kHz. Feedback to this laser from a second phase-locked
loop was applied through direct modulation of the laser current.
Both of the optical phase-lock systems used a double-heterodyne
technique to control the optical difference frequencies between
the lasers by use of sinusoidal RF synthesizers [4]. Adjusting
the synthesizer frequencies changed the difference frequencies
between the lasers, which resulted in various patterns generated
in the complex plane. In all the measurements presented here,
the difference frequency between fiber laser #2 and the LO laser
was fixed at exactly 1 GHz, whereas the frequency between fiber
lasers #1 and #2 was varied. In a further experimental simplifi-
cation, the power from the two fiber lasers was made equal to
within 1% for all measurements. The combined signal power
was 650 μW, whereas the LO laser had an optical power of
about 8 mW.

The coherent optical receiver we characterized was embed-
ded in a commercial optical modulation analyzer (OMA), and
utilized polarization-diversity quadrature optical hybrids with
40 GHz balanced detection. The electrical measurement of the
detected signals was provided by a free-running, four-channel,
real-time oscilloscope with a 13 GHz bandwidth sampling at
40 GSa/s. The 13 GHz bandwidth of the OMA limited the
maximum pattern frequency that we could measure and present
in this study. However, in principle, the pattern frequencies are
only limited by the tuning range of the lasers and the ability to
electrically mix them with an RF synthesizer for phase locking.
At difference frequencies above 40 GHz, harmonic mixers may
be used that would extend the patterns to 125 GHz and beyond.
We characterized the receiver within an OMA for experimental
simplicity, yet our technique is equally applicable to stand-alone
receivers when supported by appropriate instrumentation. In
the remainder of this paper, we refer to our coherent receiver as
an OMA.

IV. MODULATION PATTERN MEASUREMENTS

A. Pattern Demodulation

We set our lasers to the difference frequencies illustrated in
Fig. 1(b) to create what we refer to as a 5 GHz modulation
pattern. Fig. 3(a) shows the measurement after detection,
quadrature computation, and signal normalization, as black dots

Fig. 3. The generation of a 5 GHz modulation pattern (a) before and (b) after
software demodulation and signal processing. The solid red curve is the theoreti-
cal prediction; in (b) the measured signal is represented with 20 samples/symbol,
where a symbol is one lobe.

Fig. 4. Persistence plots of the complex plane (left) and eye diagram (right)
for the measurement of the 5 GHz modulation pattern shown in Fig. 3. The EVM
at the tips of the lobes is 2.8%; the white arrow in the eye diagram indicates the
duration of one symbol or lobe.

in the complex plane. For comparison, the continuous red curve
illustrates the theoretical prediction from Fig. 1(b) based on (5)
and (6). The clustering of the dots indicates time synchronization
between the real-time sampling and the generation rate of the
pattern. The position of the clusters loosely conforms to the pre-
dicted curve. After applying a five-state amplitude phase-shift
keying (APSK) software demodulation with constellation points
uniformly spaced on the unit circle, the agreement between the
measurement and prediction becomes very good, as shown in
Fig. 3(b). The specified constellation points correspond to the
tips of the five lobes of the modulation pattern. The software
processing performs time synchronization, phase tracking, and
re-sampling for a display of 20 samples per symbol, where a
symbol is one lobe of the modulation pattern.

Fig. 4 shows persistence plots of this same experimental re-
sult, using smooth interpolation and digital filtering to present
a measured modulation pattern that is very well defined. The
error vector magnitude (EVM) calculated locally about the con-
stellation points at the tips of the signal lobes is only 2.8% from
an exponential root-mean-square average with α = 0.1 [16].
This EVM is a little higher than the 1.6% noise floor typically
observed for this instrument using two lasers [see Fig. 1(a)] and
no noise insertion. An uncertainty analysis of these complex
signals and their measurement is beyond the scope of this paper.
Also shown in the same figure is the measured eye-diagram for
one quadrature of the signal, with the distance indicated between
the two null points corresponding to the temporal duration of
one lobe.
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Fig. 5. Experimentally generated three-laser modulation patterns for signal
difference frequencies between 1 and 6 GHz. In each case, the APSK demodu-
lation was configured with the number of states on the unit circle equal to the
number of lobes in the pattern.

B. Modulation Pattern Complexity

The complexity of the modulation patterns could easily be
varied by changing the laser difference frequencies. We varied
the frequency between the signal lasers by 1 GHz increments
while the offset frequency to the LO was kept constant at 1 GHz.
Fig. 5 presents a collection of patterns with signal difference fre-
quencies between 1 GHz and 6 GHz that were generated exper-
imentally with our three-laser system. In each case, the APSK
demodulation was specified by making the number of constel-
lation points equal to the number of outer lobes. The clean
modulation patterns were shown to have excellent agreement
with predicted curves. In this particular experimental imple-
mentation, we operated at difference frequencies up to 10 GHz,
limited by the bandwidth of the RF mixer used for phase lock-
ing. Using a higher bandwidth mixer would have easily allowed
us to operate at many tens of gigahertz, with abundant optical
power to maintain good signal-to-noise ratio. Our fiber lasers
had nearly identical center frequencies, so the highest differ-
ence frequency we could generate would be about 125 GHz,
limited by the 1 nm tuning range. Higher frequencies could be
generated with lasers having more tuning range or offset center
frequencies.

Just as easily, a much higher level of pattern complexity was
achieved when the ratio of the difference frequencies between
the lasers was not an integer. Fig. 6 illustrates the case where
the frequency between the signal lasers was 6.25 GHz while the
LO was still offset by 1 GHz. The modulation pattern exhibits
25 lobes in the complex plane, where four is the lowest integer
multiplier that makes the frequency ratio an integer. It should be
emphasized that Fig. 6 is an experimental result and not a the-
oretical prediction, in which the OMA was able to demodulate
and resolve all of the trajectories in the complex plane despite
the high level of complexity.

The electrical bandwidth required to measure a pattern is
dictated by the maximum difference frequency present, which
as illustrated in Fig. 1(b) is between fLO and f2 , and is 1 GHz
higher than the pattern frequency. The appearance or shape of

Fig. 6. A complicated modulation pattern is generated by use of non-integer
frequency ratios and successfully measured. In this case, the signal difference
frequency was 6.25 GHz, resulting in 25 lobes.

the pattern also depends on the relative orientation of the lasers.
If the difference frequency between the signal lasers is 5 GHz but
the LO laser is positioned between the signal lasers and 1 GHz
away, the pattern will still have five lobes but the trajectories
and shape will be different.

C. Modulation Pattern Stability and Accuracy

Signals intended for instrument calibration should in general
possess a high level of stability and accuracy. The more deter-
ministic a modulation pattern is, the more it will characterize
the OMA hardware rather than the software. However, exam-
ining an unstable signal can indicate the degree to which the
signal-processing capabilities of an OMA are utilized to obtain
a meaningful measurement result.

We took great care to produce heterodyne-based modulation
patterns with high temporal stability and accuracy for the pur-
poses of this unambiguous demonstration, primarily by using
optical phase-locked loops and narrow-bandwidth lasers. The
modulation patterns were reproducible and stable in phase over
the 5 μs duration of each real-time measurement. This observa-
tion is consistent with the fact that the kilohertz laser linewidths
should result in temporal stabilities of more than 100 μs even
without a phase lock, assuming that the difference frequencies
can be set appropriately. As we will discuss, it may be possible
to relax some of these hardware requirements. Referring back
to Fig. 2, it should be also noted that the signal and LO are
delivered to the OMA on separate optical paths of a couple of
meters each. Slow thermal drift between the signal and LO did
occur, but was not found to be significant over our measurement
durations.

To examine the fast phase stability, we measured the 5 GHz
modulation pattern with the phase-locked loop turned off.
Fig. 7(a) shows the raw measurement before demodulation,
which closely resembles the scattering of the phase-locked mea-
surement points of Fig. 3(a). Fig. 7(b) shows the unlocked pat-
tern after five-state APSK demodulation, which strongly resem-
bles the signal quality of Fig. 3(b). The EVM calculated at the
tips of the lobes is 3.6%, which is slightly noisier than the 2.8%
EVM for the data of Fig. 3 that were later evaluated in Fig. 4.
Therefore, over our 5 μs measurement duration the stability
added by the phase-locked loop was fairly insignificant. In this
scenario, a useful calibration test signal could have been con-
structed without the complication and expense of phase-locking
optics and electronics. However, when conducting longer



DENNIS AND NEBENDAHL: PRODUCING KNOWN COMPLEX MODULATION SIGNALS FOR CHARACTERIZATION 3711

Fig. 7. The pattern stability and accuracy is demonstrated. In (a) the phase-
locked loop is turned off, but demodulation recovers the pattern in (b). In (c),
the signal frequency is offset by 10 MHz, but demodulation still recovers the
signal in (d) with more noise than in (b).

measurements to achieve greater signal averaging, the stabil-
ity of a phase lock may become very important.

Finally, to examine the importance of frequency accuracy, a
pattern measurement was conducted with the phase-locked loop
turned off, and a 10 MHz offset added to the difference frequency
between the signal lasers. Fig. 7(c) shows the raw measurement
with a scattering of sampling points lying in concentric rings,
indicating a lack of synchronization between the sampling and
the pattern generation. However, after applying five-state APSK
demodulation, assuming a signal frequency of 5.00 GHz rather
than the actual 5.01 GHz, the modulation pattern was resolved,
as shown in Fig. 7(d). The signal processing was effective in
removing the 10 MHz rotation of the modulation pattern in the
complex plane. However, this result comes at the expense of
slightly higher noise, with an EVM of 4.6%, as compared to the
3.6% result without the 10 MHz frequency offset [see Fig. 7(b)].

The results of Fig. 7 suggest that for some calibration scenar-
ios, including relative comparisons or those with short durations,
the requirements on the laser linewidths and phase lock perfor-
mance can be relaxed. In doing so, the cost and complexity of
the system can be reduced. For example, a simple wavelength
lock of lasers having 1 MHz linewidths may be sufficient for a
calibration measurement that lasts less than 1 μs. It should also
be noted that to maintain the signal quality while relaxing the
laser linewidth specification will entail a corresponding increase
in the phase lock loop performance, and vice versa.

V. COHERENT RECEIVER CHARACTERIZATION EXAMPLES

The value of having known modulation patterns is in their
ability to quantitatively characterize the operation of measure-
ment instruments. By adding known amounts of distortion or
noise to a calibration signal, the instrument response can be iso-
lated and quantified. Alternatively, various instrument settings
can be adjusted and their impact can be quantified while mea-
suring a known signal. While it can be easily shown that the
quadrature angle of a coherent receiver can be obtained as the
average phase difference between its outputs using either two-
or three-laser modulation patterns [6], [12], we elected to focus

Fig. 8. The influence of modulation analyzer digital filter bandwidth is vi-
sualized. Signal distortion within the yellow circles of (b) is not apparent in
(a).

on the impact of digital filtering bandwidth and detector gain
imbalance of an OMA in this study.

A. Digital Filter Bandwidth

Displaying a measurement with a bandwidth that far exceeds
that of the signal may add unnecessary noise. By contrast, if
the bandwidth of the filtering is set too low, the measurement
result may be artificially distorted. One way to detect the onset
of filter distortion of an unknown but reproducible signal is to
slowly decrease the bandwidth until distortion becomes observ-
able through relative comparison. Alternatively, measurement
of a known signal under a particular filtering scenario allows
the distortion to be directly quantified by absolute comparison.

Fig. 8(a) presents a 6 GHz modulation pattern measured with
the OMA set to a digital filter bandwidth of 8 GHz. The result can
be shown to have excellent agreement with a theoretical predic-
tion. However, the result of reducing the bandwidth to 6.5 GHz
is shown in Fig. 8(b), whereby distortion in the complex plane
is observed as an opening of the modulation pattern about the
origin. Correspondingly, the eye diagram shows a broadening of
the null point, as indicated by the yellow circle. The distortion is
to be expected if the optical signal is considered more carefully.
While the frequency difference between the signal lasers was
only 6 GHz, the frequency differences between the two signal
lasers and the LO were 1 GHz and 7 GHz. The 7 GHz frequency
obviously exceeds the 6.5 GHz filter setting.

For calibration signals which have been measured as tempo-
ral waveforms, such as those obtained from a real-time OMA,
it is possible to make a detailed point-by-point comparison in
time to a theoretical prediction of the signal. This quantitative
evaluation is accomplished by subtracting at each point in time
the complex value of the measured waveform from the predicted
waveform. The resulting error vector waveform can be plotted
and visualized in the complex plane. While EVM is the short-
est distance to the nearest constellation point and a statistical
characterization [17], the error vector waveform provides infor-
mation about the signal trajectories between the constellation
points or bit centers, allowing the temporal location of signal
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Fig. 9. The error vector waveforms (b) and (d) are the differences between
the measurements (dots) and predictions (solid red curves) of (a) and (c). The
measurements are from Fig. 8 and displayed with 20 samples/symbol. Each of
the four plots shows the extent of the unit circle in the complex plane.

deviations. The error vector waveform can be applied any time a
measured waveform deviates from a known waveform, regard-
less of the cause.

Fig. 9(a) shows the 6 GHz pattern of Fig. 8(a) plotted with
discrete points at 20 samples per symbol and the theoretical pre-
diction as the red line. Fig. 9(b) plots the point-by-point differ-
ence between the measurement and prediction in the complex
plane. The root-mean-square average magnitude of the error-
vector waveform of Fig. 9(b) was calculated to be 8.2%, which
represents the average error at all points in the complex plane
covered by the known modulation. The error vector waveform is,
therefore, determined at points in the complex plane for which
the demodulation and signal processing may not have been op-
timized. For comparison, the EVM provided by the OMA at
the tips of the six lobes was only 3.3% using six-state APSK
demodulation. One way to improve the magnitude of an error
vector waveform might be to demodulate with an APSK con-
stellation map that defines additional points within the interior
of the unit circle [18].

Fig. 9(c) and (d) shows the modulation pattern and error vec-
tor waveform, respectively, for the 6 GHz pattern with a digital
filter setting of only 6.5 GHz. The filtering distortion can be
seen by the larger area covered by the error-vector waveform, as
compared to Fig. 9(b). The root-mean-square magnitude of the
error-vector waveform was 13.2%, which is larger than the re-
sult for the 8 GHz setting. By contrast, the EVM of the distorted
pattern calculated from 6-state APSK demodulation at the tips
of the lobes was only 3.1%, which is lower than the 3.3% EVM
of the 8 GHz setting. A lower EVM at the points specified by the
constellation map is expected because the additional digital fil-
tering removed more of the high-frequency noise. However, this
also demonstrates that EVM calculated from only the limited
number of constellation points can be insensitive to distortion
effects.

B. Detector Gain Imbalance

Coherent optical receivers often utilize balanced detection
to remove electrical contributions from unmodulated light and
direct detection components. The ability to remove these un-

Fig. 10. Gain imbalance is modeled as illustrated in (a), where the solid red
curve of (b) is G = 0.9 relative to G = 1 for the dashed black curve. Measurement
of a G ∼ 0.9 receiver is presented in (c) as dots and compared to prediction as
the solid red curve.

wanted contributions is described by the common-mode rejec-
tion ratio, which can depend in part on the relative signal gains
of the two balanced photodiodes [19]. The gain can be viewed as
the cumulative effect of insertion loss in the fiber pigtails of the
detector, the coupling from the pigtails to the photodiodes, and
the responsivity or electrical gain of the generated photocurrent.
We considered the simplified case where only the in-phase or I
balanced detector of a coherent receiver had a gain imbalance.
If we model one diode of the balanced detector with unity gain
and assign a relative gain G to the other diode, as illustrated in
Fig. 10(a), it can be shown that the in-phase signal is

IG (t) = |Es(t)|2 (1 − G) +
I(t)
2

(1 + G) (7)

where I(t) was defined previously by (5), and Es(t) was defined
by (1). As expected, if G is close to unity, the first term in (7)
becomes small, while the second term approaches I(t) and the
imbalance disappears. However, in the general case when G does
not approach unity, it is informative to consider the relation

|Es(t)|2 =
I2(t) + Q2(t)
8 |ELO(t)|2

(8)

where |ELO(t)|2 did not vary with time in our measurement
scenarios. Substituting (8) into (7) provides an expression re-
lating the in-phase signal components with and without gain
imbalance as

IG (t) =
I(t)
2

(1 + G) +

(
I2(t) + Q2(t)

)

8 |ELO(t)|2
(1 − G) . (9)

The first term in (9) simply scales I(t) by the imbalance G.
However, the numerator of the second term includes a cou-
pling between the in-phase and quadrature components such
that they are no longer strictly orthogonal. Also, the strength of
this coupling is regulated by the local oscillator power through
|ELO(t)|2 , where a smaller power relative to the signal power
will increase the distortion. By contrast, for perfectly balanced
detection, the local oscillator power only influences the signal-
to-noise ratio. Fig. 10(b) plots the prediction of (9) for a 4 GHz
modulation pattern with G = 0.9 for one quadrature. The dis-
tortion appears about an off-axis line of symmetry running from
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the second to the fourth quadrant, oriented by a phase difference
between the signal and local oscillator. Interestingly, along the
line of symmetry, the distortion is uneven with respect to the
origin.

To demonstrate detector gain imbalance, we added bend loss
to one of the fiber pigtails attached to the balanced receiver inside
our OMA. By using a fixed mandrel, we were able to reproduce
a bend loss of approximately 10%. Fig. 10(c) shows a measured
4 GHz modulation pattern plotted over the predicted pattern,
in which the type of distortion expected from Fig. 10(b) is
apparent. The measured distortion is more severe than predicted
and would appear to correspond to a bend loss of more than 10%.
However, the optical power of the LO incident on the balanced
detector relative to the signal power was not known and had to
be estimated in (9). Developing a detailed measurement method
in which the local oscillator power is known and kept small
relative to the signal power would allow the gain imbalance to
be better quantified. An error vector waveform was not created
for this measurement because of uncertainty in the prediction.
Regardless, it is clear that challenging measurement effects such
as distortion from detector gain imbalance can be visualized with
known complex modulation patterns.

VI. DISCUSSION AND CONCLUSION

We anticipate that the family of complex modulation patterns
we have demonstrated could be applied effectively to modu-
lation analyzers that rely on a variety of measurement tech-
niques. Because the signals are repetitive in nature, they should
be readily applicable to equivalent-time sampling and spectrum
analysis methods [3], [5]–[7]. However, spectral methods may
put additional restrictions on the laser difference frequencies
at which meaningful results can be obtained [3]. Linear opti-
cal sampling relies on optical gating with a short-pulse local
oscillator, and phase-locking this type of laser would require
additional consideration. In the case of phase-sensitive nonlin-
ear sampling, a CW local oscillator in addition to a short-pulse
local oscillator is utilized. A phase lock to the pulsed local os-
cillator would not be required, and in fact would be extremely
challenging to implement, considering the tens of nanometers
it is typically located away from the signal in order to separate
the nonlinear mixing products.

We have demonstrated a family of calibration signals in the
complex measurement plane that are easy to control, stable, and
predictable from first principles. The modulation patterns were
used to test various aspects of a coherent receiver in a real-time
optical modulation analyzer. The use of error-vector waveform
as a performance metric enabled the quantitative evaluation of
measured signal quality spanning the complex plane.

ACKNOWLEDGMENT

The authors gratefully acknowledge useful discussions with
Dr. B. Szafraniec of Agilent Technologies and Nate Newbury
of NIST.

REFERENCES

[1] P. J. Winzer and R.-J. Essiambre, “Advanced modulation formats for high-
capacity optical transport networks,” J. Lightw. Technol., vol. 24, no. 12,
pp. 4711–4728, Dec. 2006.

[2] R.-J. Essiambre, G. Kramer, P. J. Winzer, G. J. Foschini, and B Goebel,
“Capacity limits of optical fiber networks,” J. Lightw. Technol., vol. 28,
no. 4, pp. 662–701, Feb. 2010.

[3] P. A. Andrekson, “Metrology of complex optical modulation formats,”
presented at the Optical Fiber Communications Conf. Exhib., Los Angeles,
CA, USA, paper OWN1, 2011.

[4] T. Dennis and P. D. Hale, “High-accuracy photoreceiver frequency re-
sponse measurements at 1.55 μm by use of a heterodyne phase-locked
loop,” Opt. Exp., vol. 19, pp. 20103–20114, 2011.

[5] C. Dorrer, C. R. Doerr, I. Kang, R. Ryf, J. Leuthold, and P. J. Winzer,
“Measurement of eye diagrams and constellation diagrams of optical
sources using linear optics and waveguide technology,” J. Lightw. Tech-
nol., vol. 23, no. 1, pp. 178–186, Jan. 2005.

[6] P. A. Williams, T. Dennis, I. Coddington, W. C. Swann, and
N. R. Newbury, “Vector signal characterization of high-speed optical com-
ponents by use of linear optical sampling with milliradian resolution,”
IEEE Photon. Technol. Lett., vol. 20, no. 23, pp. 2007–2009, Dec. 2008.

[7] M. Westlund, M. Skold, and P. A. Andrekson, “All-optical phase-sensitive
waveform sampling at 40 GSymbol/s,” presented at the Optical Fiber
Communications Conf. Exhib., San Diego, CA, USA, paper PDP12, 2008.

[8] T. S. Clement, P. D. Hale, D. F. Williams, J. C. M. Wang, A. Dienstfrey,
and D. A. Keenan, “Calibration of sampling oscilloscopes with high-speed
photodiodes,” IEEE Trans. Microw. Theory Tech., vol. 54, no. 8, pp. 3173–
3181, Aug. 2006.

[9] A. Dienstfrey, P. D. Hale, D. A. Keenan, T. S. Clement, and D. F. Williams,
“Minimum-phase calibration of sampling-oscilloscopes,” IEEE Trans.
Microw. Theory Tech., vol. 54, no. 8, pp. 3197–3208, Aug. 2006.

[10] B. Szafraniec, B. Nebendahl, and T. Marshall, “Polarization demultiplex-
ing in stokes space,” Opt. Exp., vol. 18, pp. 17928–17939, 2010.

[11] T. Marshall, B. Szafraniec, and B. Nebendahl, “Kalman filter carrier and
polarization-state tracking,” Opt. Lett., vol. 35, pp. 2203–2205, 2010.

[12] R. A. Marsland, “Challenges in design and testing of coherent receivers,”
presented at the Conf. Lasers Electro-Optics, San Jose, CA, USA, paper
ATuB1, 2010.

[13] T. Dennis and B. Nebendahl, “Producing known complex modulation
signals for calibration of optical modulation analyzers,” presented at the
Optical Fiber Communications Conf. Exhib., Los Angeles, CA, USA,
paper OW3 H.1, 2012.

[14] N. B. Carvalho, K. A. Remley, D. Schreurs, and K. G. Gard, “Multisine
signals for wireless system test and design,” IEEE Microw. Mag., vol. 9,
no. 3, pp. 122–138, Jun. 2008.

[15] L. D’Evelyn, L. Hollberg, and Z. B. Popovic, “A CPW phase-locked loop
for diode-laser stabilization,” in Proc. IEEE MTT-S Int. Microw. Symp.
Dig., 1994, pp. 65–68.

[16] (2012). NIST/SEMATECH e-Handbook of Statistical Methods. [Online].
Available: http://www.itl.nist.gov/div898/handbook/

[17] R. Schmogrow, B. Nebendahl, M. Winter, A. Josten, D. Hillerkuss,
S. Koenig, J. Meyer, M. Dreschmann, M. Huebner, C. Koos, J. Becker,
W. Freude, and J. Leuthold, “Error vector magnitude as a performance
measure for advanced modulation formats,” IEEE Photon. Technol. Lett.,
vol. 24, no. 1, pp. 61–63, Jan. 2012.

[18] N. Kikuchi, K. Mandai, K. Sekine, and S. Sasaki, “Incoherent 32-level
optical multilevel signaling technologies,” J. Lightw. Technol., vol. 26,
no. 1, pp. 150–157, Jan. 2008.

[19] Y. Painchaud, M. Poulin, M. Morin, and M Têtu, “Performance of balanced
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