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definition; however, to our knowledge, no detailed theoretical
and experimental works were performed to validate its feasi-
bility for automatic and unambiguous determination of PDL.
Based on a simple three-dimensional (3-D)-surface contour
model in Stokes space, we show theoretically that the true max-
imum and minimum transmittances of a device can be uniquely
determined because no local maximums or minimums exist and
therefore validate the approach. We implement the max–min
search method by employing an active feedback polarization
control algorithm using a fiber squeezer polarization controller
(PC) to systematically and rapidly search for the maximum
and minimum transmittances without the need to measure
all possible SOPs. The direct measurement of maximum and
minimum power transmittances assures calibration-free highly
accurate high-speed measurement over a larger PDL or DOP
range. In the succeeding sections, we will present the theoret-
ical background of the proposed approach, the measurement
implementation, and experimental results from a prototype
measurement system.

II. POLARIZATION DEPENDENT TRANSMITTANCE

IN STOKES SPACE

When a partially polarized monochromatic optical beam
propagates through a nondepolarizing optical system, the trans-
mission characteristics of the optical system can be modeled as
a single partial polarizer [24]. Although PMD may depolarize
light in general, for monochromatic light sources commonly
used for measurements, such a depolarization can be neglected.
Using a Stokes-vector representation and Mueller-matrix treat-
ment, the optical intensity transmission can be expressed as a
function of the input SOP, i.e.,

T = m11 + P (m12s1 + m13s2 + m14s3) (1)

where m1i represents the first-row Mueller-matrix elements, P
is the DOP of the light source, and si represents the normalized
Stokes parameters of the totally polarized light component
of the light source. If we define vectors s = {s1, s2, s3} and
m = {m12,m13,m14} in the Stokes subspace (S1, S2, S3), the
optical transmittance can be expressed as a function of a single
variable θ, which is the angle between vectors s and m, i.e.,

T =m11 + P (m · s)

=m11 + P |m| cos θ. (2)

In Stokes space, the transmittance of the optical system can
be described by a 3-D surface formed by the revolution of the
limaçon of Pascal [25] about the m-axis. This result is similar
to that obtained from a depolarization optical system treatment
[26]. Because the optical transmittance T is always positive,
i.e., 0 ≤ P |m| ≤ m11, (2) represents a family of ordinary
limaçons with a circle (|m| = 0) and a cardioid (|m| = m11

and P = 1) at the two extremes, as shown in Fig. 1, in a
plane containing m. Based on the properties of the ordinary
limaçon, the polarization-dependent transmission depends only
on the angle θ between the m and s vectors. The maximum and

Fig. 1. Cross-sectional view of the limaçon of revolution with PDL = 0 (solid
line), PDL = 3 dB (broken line), and an ideal polarizer (dotted line). The
horizontal axis is along the vector m direction, and the vertical axis is set for a
θ = 90◦ reference. The maximum transmittance is normalized to unity.

minimum transmissions are obtained when θ becomes 0 and π,
respectively, i.e.,

(
Tmax

Tmin

)
=

(
m11 + P |m|
m11 − P |m|

)
. (3)

Obviously, the two polarization states that correspond to the
maximum and minimum transmittances in (3) are orthogonal.
The vectors that describe these two states are antiparallel in
Stokes space, and the points that represent the two SOPs on the
Poincaré sphere are symmetric about the origin. Equation (2)
also tells us that the optical transmission changes monotonically
from maximum to minimum and vice versa. The rotational
symmetry of the limaçon of revolution allows us to reach either
the maximum or minimum transmittances along any arbitrary
path on the 3-D surface that links the two points.

Equations (2) and (3) form the basis of our automatic
max–min search method for PDL and DOP measurements. In
this method, the input SOP is systematically adjusted to make
s parallel and antiparallel to m so that the maximum and
minimum transmittances of the optical system are obtained.
The monotonic relationship in (2) ensures that the maximum
and minimum transmittances are unique. There are no local
minima or maxima on the transmission surface along any paths
between Tmax and Tmin.

Equation (3) has two equations with three variables, and
the DOP and PDL are coupled. Therefore, a light source of
known DOP or a component of known PDL is required for
PDL or DOP measurement, respectively. A totally polarized
light source (P = 100%) is convenient for PDL measurement.
In this case, Tmax and Tmin from (3) can be used to calculate
the PDL according to the definition.

For DOP measurement, a linear polarizer placed between the
PC and the photodetecctor is an excellent optical element with
known PDL. Assuming that an ideal PC and a linear polarizer
aligned in the x-direction are used so that |m| = |m12| = m11,
DOP measurement also reduces to the search for and measure-
ment of the maximum and minimum transmittances, i.e.,

P =
Tmax − Tmin

Tmax + Tmin
× 100%. (4)
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Fig. 2. Block diagram of the automatic max–min transmittance search imple-
mentation (PC, fiber-squeezer-based PC; DUT, device under test; PD, photode-
tector; ISO, optical isolator).

Therefore, both PDL and DOP characterizations can share the
same max–min search algorithm, and both functions can be
integrated in a single measurement system.

III. AUTOMATIC MAX–MIN SEARCH

METHOD IMPLEMENTATION

The proposed PDL and DOP measurement system is shown
in Fig. 2, where the light source is a totally polarized highly
stable laser or a light source to be characterized for the PDL
and DOP measurements, respectively. For DOP measurements,
the device under test (DUT) will be replaced with a high extinc-
tion ratio (ER) linear polarizer. Because both PDL and DOP
measurements require active searching for the maximum and
minimum transmittances, a fast low-PDL low-activation-loss
PC plays a key role in the measurement system. In our system, a
high-performance fiber-squeezer-based PC was selected for the
application [27].

The PC is a cascaded three-stage variable-waveplate PC with
the optic axes of the three plates fixed at 0◦, 45◦, and 0◦

orientations, respectively, as shown in Fig. 3. The variable-
waveplate effect is achieved by applying radial stress to the
optical fiber with a piezoelectric actuator. The phase retardation
of each plate is linearly proportional to the voltage applied
to the piezoelectric actuator. At the ith waveplate, the phase
retardation can be expressed as

ϕi = π
V

Vπ,i
+ ϕ0,i (5)

where Vπ,i and ϕ0,i are the half-wave voltage and initial phase
bias retardation, respectively. Neglecting insertion loss and
PDL, the Mueller matrix of the PC can be written in (6), shown
at the bottom of the page. As each ϕi varies between 0 and
2π, any arbitrary output SOP can be obtained from any input
SOP [28], [29]. Complete Poincaré-sphere coverage ensures
that the search results are the true maximum and minimum
transmittances.

The simplest automatic max–min search operation can be
achieved using a dc control voltage actuation algorithm. Start-
ing from an arbitrary SOP, the controller takes an initial optical

Fig. 3. Schematic diagram of the three-stage fiber-squeezer-based variable-
waveplate PC.

intensity measurement and steps the dc voltage applied to one
waveplate of the PC while holding the voltages at the other
waveplates constant. A new photodetector output is obtained
and then compared with the previous value. Based on the
comparison results of the dc output intensities, the controller
determines the voltage-step direction and voltage-step ampli-
tude. This search process repeats for each waveplate until the
optical power change is within the limit of the noise floor or the
resolution of the detector circuit. When the maximum or mini-
mum intensity is reached, the controller records the signal-level
value and starts to search for the other extreme. To overcome the
limited dynamic range of the circuit and improve the accuracy
in high-PDL or highly polarized light DOP measurements,
the minimum transmittance search can be combined with an
automatic-gain-control approach that effectively expands the
dynamic range of the measurement system. By comparison,
in a fast random-scan algorithm [30], it is very difficult to
implement the automatic gain control.

A different signal processing approach is to combine a small
sinusoidal ac modulation with the dc control voltage to the PC
waveplates. From (2), the output spectrum distribution changes
as the angle between m and s changes. At the maximum and
minimum intensity levels, the ratio of the second harmonic
to the fundamental frequency of the sinusoidal modulation
signal is maximized. A sensitive lock-in amplifier or digital
signal processing circuit can be implemented to accurately
determine the maximum and minimum transmittances using
this algorithm. Since narrow-band filters can be implemented
for noise rejection, the ac signal processing method is typically
more accurate than the dc voltage-step method but requires
additional implementation hardware.

Once the maximum or minimum transmittance is obtained,
we can use the orthogonality property described in Section II
to speed up the searching process for the other transmission
extreme. Mathematically, the jump from the current SOP to the
orthogonal state is achieved by reversing the signs of the 3 ×
3 sub-Mueller-matrix elements mij , where i, j ≥ 2. The de-
sired result is to reach the orthogonal SOP state with the
least number of steps; ideally, it can be done in a single step.
However, with a fiber-squeezer-based PC, reversing the signs
of all 3 × 3 sub-Mueller-matrix elements requires a polarimeter

M(ϕ3, ϕ2, ϕ1) =




1 0 0 0
0 cos ϕ2 − sin ϕ2 sinϕ1 sin ϕ2 cos ϕ1

0 − sin ϕ3 sinϕ2 cos ϕ3 cos ϕ1 − sin ϕ3 cos ϕ2 sinϕ1 cos ϕ3 sin ϕ1 + sinϕ3 cos ϕ2 cos ϕ1

0 − cos ϕ3 sin ϕ2 − sin ϕ3 cos ϕ1 − cos ϕ3 cos ϕ2 sinϕ1 − sin ϕ3 sin ϕ1 + cos ϕ3 cos ϕ2 cos ϕ1



(6)



SHI et al.: AUTOMATIC MAXIMUM–MINIMUM SEARCH METHOD FOR ACCURATE PDL AND DOP CHARACTERIZATION 4009

Fig. 4. Prototype automatic max–min search PDL/DOP measurement setup
(VOA, variable optical attenuator; Pol, polarizer; A/D, analog-to-digital con-
verter; D/A, digital-to-analog converter).

measurement of the current SOP and current phase retardation
of each waveplate. For a simple measurement system with fiber-
squeezer-based PC implementation, we can set the initial step
to be as large as π-phase retardation at any waveplate of the PC.
For example, a half-wave or π-phase change, i.e., a Vπ voltage
step on the last actuator, can effectively invert the s2 and s3

components in Stokes space.

IV. EXPERIMENTAL RESULTS

To verify the proposed max–min search approach and per-
formance, we implemented the prototype measurement setup
shown in Fig. 4. A microprocessor is used for system con-
trol and signal processing in the prototype setup. A personal
computer with a LabVIEW data acquisition program was used
to acquire measurement results and to control the wavelength
sweep. A polarized (ER > 40 dB) tunable laser with a wave-
length range of 1520–1620 nm was used as the light source
for PDL characterization, and an unpolarized amplified sponta-
neous emission (ASE) source was combined with the tunable
laser to create a test light source for DOP measurement. A
fiber-squeezer-based PC with half-wave voltages of ∼25 V
was selected for the prototype system. The activation loss and
built-in PDL of the PC were < 0.01 dB when the PC was
actuated sequentially. The typical phase-retardation range is
0–5π for each waveplate. The photoreceiver circuit consisted
of an InGaAs detector and an adjustable-gain transimpedance
amplifier. Because our experiment was designed only to verify
the concept, no attempt was made to correct the polarization-
dependent responsivity (PDR) of the photodetector.

In our prototype setup, the dc voltage actuation algorithm
discussed in Section III was used for its easy implementation
and system control. Experiment results showed that the search-
state switching using orthogonal SOP property resulted in
much faster convergence when the search mode changed from
maximum to minimum and vice versa. A dc voltage step of Vπ

is applied to one of the PC stages during the changeover.
We selected three different test devices to cover a large

PDL range. A fiber connectorized/angle-polished connector
(FC/APC)–air interface was used at the low-PDL extreme,
while an in-line fiber polarizer represented the high-PDL
extreme. The third component was a regular 2 × 2 10-dB
fused-fiber coupler. The PDL of each component was mea-
sured repetitively over a period of more than 30 min, and the

measurement results were recorded by a personal computer.
As shown in Fig. 5(a) and (b), the max–min search method
performs consistently at both very low and very high PDL
extremes, which are still challenges to most of the commercial
PDL meters. Note that in Fig. 5(a), the measured PDL of the
FC/APC–air interface is a vector sum of connector PDL and
photodetector PDR. Nevertheless, the measurement stability at
very low PDL was clearly demonstrated.

For comparison purposes, we also measured the PDL on the
10-dB port of a 2 × 2 fused-fiber coupler using both our pro-
totype setup and the Jones-matrix eigen-analysis (JEA) method
on a commercial instrument. As shown in Fig. 6, despite a small
difference in average PDL values between the two methods
(partially due to the detector PDR in our prototype setup), the
max–min search approach resulted in a much tighter distribu-
tion than the measurement on commercial instrument. The stan-
dard deviations of the measured PDL using the max–min search
and JEA methods were 0.002 and 0.009 dB, respectively. The
increase in PDL near measurement number 2000 was attributed
to fiber movement coupled with detector nonzero PDR.

The measurement repeatability over time and wavelength
was investigated by conducting PDL measurements over two
weeks at wavelengths ranging from 1520 to 1620 nm in 2-nm
steps. A 2 × 2 directional coupler was used as the DUT sample.
The coupler and fiber jumpers were taped to the surface of an
optical table to minimize data fluctuations due to photodetector
PDR. Except for a few wavelengths near 1590 nm, the
prototype system demonstrated a repeatability of 0.02 dB for
all wavelengths over the test period, as shown in Fig. 7.

The DOP measurement was carried out by replacing the
DUT in the setup with a linear polarizer shown in Fig. 4. The
ASE source was switched on and combined through a 3-dB
2 × 2 fused coupler with the output of the tunable laser set
at 1550 nm. The optical power of each path could be adjusted
independently using two variable optical attenuators. The DOP
of the mixed beam was adjustable from ∼3% to 100%. The 3%
residual DOP of the ASE source is mainly due to the PDL of
the 3-dB fused coupler. Using this light source, we measured
DOP values using both the max–min search method and an
Agilent 8509 C lightwave polarization analyzer. The measured
DOP values matched very well, as shown in Fig. 8.

V. DISCUSSION

The experimental results from the prototype PDL/DOP
measurement setup demonstrate that the automatic max–min
search method is a promising approach for accurate high-
speed PDL/DOP characterization. Based on the experimental
results, the max–min search approach offers many unique ad-
vantages. It effectively reduces a two-dimensional pseudoran-
dom or deterministic scanning search over the entire Poincaré
sphere to a deterministic quasi one-dimensional line search
with unique search results. Therefore, an active and efficient
search-and-measure algorithm can be implemented for fast
PDL and DOP measurements. Like the all-states scanning
approach, the max–min search method does not require optical
power or wavelength-calibration matrices. Furthermore, the au-
tomatic max–min search method can overcome the wavelength
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Fig. 5. PDL measurement data and statistics for (a) an FC/APC–air interface and (b) an in-line fiber polarizer at 1550 nm.

Fig. 6. PDL repeatability measurement on the 10-dB port of a 2 × 2 coupler using the prototype max–min search setup. JEA repeatability measurement was
performed on a commercial instrument (with the measurement numbers on the top axis) using the same coupler ports.

dependence of polarization scramblers that operate in the res-
onant mode. Therefore, its operation wavelength range is very
wide and is limited only by the light source, fiber bandwidth,
and detector response. This approach also offers a large mea-
surement dynamic range for both PDL and DOP. PDL in the
range of more than 30 dB can be measured accurately, as
demonstrated in our experiment.

The measurement speed depends on the response time of the
PC and data processing electronics. In our prototype PDL/DOP
measurement setup, we obtained 9000 data points in a 30-min
interval, with a speed of 5 measurements/s. In this system, we
found that the measurement speed was mainly limited by elec-
tronics. The intrinsic rise/fall time of the PC is in the order of
35 µs for each voltage step. With properly designed electronics,

10 ms will be sufficient for PC actions. The measurement speed
can be further increased if an ultrahigh speed PC such as those
made of LiNbO3 [31] is employed in the system. Therefore,
the max–min search approach offers significant measurement-
speed advantages over the random-scanning method.

The measurement-speed advantage can also be attributed to
the calibration-free feature of the max–min search method.
The self-referencing nature of this approach makes the mea-
surement insensitive to common sources of uncertainty, such
as source-laser output-power wavelength dependence, source-
laser output-SOP drift due to fiber movement, photodetector
wavelength-dependent response, and amplifier gain.

The accuracy of the max–min search measurement system
depends on system noise, circuit architecture, measurement
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Fig. 7. Long-term automatic max–min search PDL measurement repeatability
over C- and L-band wavelengths measured for a 2 × 2 fused coupler.

Fig. 8. DOP measurement correlation between the prototype automatic
max–min search method and Agilent 8509 C. The straight line represents 100%
correlation.

control, and the PDL of the optical components used in the
measurement system. Limitations due to the optical system can
be analyzed in analogy to the all-state scanning method because
they share the same optical implementation configuration. The
PDL from the PC and the following components will add to the
DUT’s PDL value vectorally and increase measurement uncer-
tainty. Therefore, all optical components must have negligible
PDL when compared with the DUT. DOP measurement accu-
racy also depends on the system PDL, e.g., a small amount of
system PDL can directly affect the DOP measurement accuracy,
particularly at the low-DOP end, as follows:

∆DOP(%) = 11.5 × PDL [in decibels]. (7)

The system PDL includes contributions from the PC, the fiber
segments to and from the DUT, the fiber connectors, and the
photodetector. The selection of PC provided us with a very low
PDL PC that is ideal for high-accuracy PDL/DOP measurement
applications. Once the photodetector PDR is minimized, the
accuracy of the max–min search method can reach < 0.02 dB.
In addition, the optical source for PDL measurement must be
very stable over the measurement time interval.

The noise effect on the measurement accuracy is often
manifested at low- and high-PDL/DOP values. Circuit noise
can result in the inversion of the maximum/minimum optical
transmittance at low PDL and DOP that gives negative PDL
and DOP. At the high-PDL end, the circuit noise limits the
maximum PDL value. The PDL measurement accuracy also

becomes input light level dependent. In our prototype mea-
surement setup, signal average and automatic gain control were
implemented to reduce the noise effect.

VI. SUMMARY

We showed theoretically that the polarization-dependent
transmittance of monochromatic light passing through an opti-
cal component or system can be described by a limaçon of rev-
olution in Stokes space (S1, S2, S3). There is only one unique
maximum and one unique minimum on an ordinary limaçon
contour. The optical transmission changes monotonically be-
tween the minimum and maximum values. Therefore, a simple
line search of the maximum and minimum transmission powers
can determine the PDL and DOP values without ambiguity.

Using a PC with ultralow activation loss and PDL, we
successfully implemented the max–min search method to accu-
rately characterize component PDL and light-source DOP. We
demonstrated that the method has the advantages of high mea-
surement speed, high accuracy, large measurement dynamic
range, wavelength insensitivity, and calibration-free operation.
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