
Optical vector network analyzer for single-scan
measurements of loss, group delay, and
polarization mode dispersion

Dawn K. Gifford, Brian J. Soller, Matthew S. Wolfe, and Mark E. Froggatt

We present a method for measuring the complete linear response, including amplitude, phase, and
polarization, of a fiber-optic component or assembly that requires only a single scan of a tunable laser
source. The method employs polarization-diverse swept-wavelength interferometry to measure the ma-
trix transfer function of a device under test. We outline the theory of operation to establish how the
transfer function is obtained. We demonstrate the enhanced accuracy, precision, and dynamic range of
the technique through measurements of several components. © 2005 Optical Society of America
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In the context of high-speed, multiwavelength optical
communication, it is becoming increasingly important to
rigorously characterize individual components to ensure
overall system performance. The Jones matrix (JM) or
linear transfer function (TF) of a fiber-coupled compo-
nent, when measured as a function of frequency, contains
all of the information required to predict the final com-
ponent performance (loss, dispersion, polarization depen-
dence, etc.).1 Spectral measurement of the TF of a device
under test (DUT) requires stimulating multiple input
polarization states at each wavelength, a process that can
be complex and time consuming, typically requiring mul-
tiple measurement scans.2 It has, however, been demon-
strated that the TF of a component can be measured with
a single measurement scan using a polarization-diverse
interferometric technique.3

In this paper we describe a novel interferometric net-
work for single-scan, high-resolution spectral mea-
surements of the TF. In addition, we demonstrate
mathematically how the TF is obtained from this mea-
surement apparatus, an analysis not present in other
works. We then show that highly accurate spectral am-
plitude and phase information can be extracted from the
TF in the form of polarization-averaged group delay

(GD), polarization mode dispersion (PMD), and insertion
loss (IL). Data are presented demonstrating, we believe
for the first time, greater than 100, 80, and 60 dB dy-
namic ranges for the polarization-averaged IL, GD,
and PMD measurements, respectively. The elimina-
tion of the need for multiple wavelength scans in
combination with the accurate and sensitive nature
of the interferometric measurement technique yields
an instrument ideally suited for high-resolution me-
trology of passive optical components for high bit-rate
network applications (e.g., tunable dispersion com-
pensators, fiber Bragg gratings, arrayed waveguide
gratings, etc.).

The measurement technique is based on swept-
wavelength interferometry (SWI).3–5 The optical
network used for our experiments is shown in
Fig. 1. While similar in function to the network used
in Ref. 2, this network architecture places the po-
larization conditioning interferometer “outside” the
measurement interferometer and also eliminates
a polarization beam combiner and the use of
polarization-maintaining fiber and polarization-
maintaining couplers.

In the network shown in Fig. 1, a tunable laser
source (TLS) is used in combination with concate-
nated Mach–Zender interferometers, two polariza-
tion controllers, a polarization beam splitter, and
three photodiodes labeled S, P, and A. The TLS used
in these experiments was a Thorlabs Pico series tun-
able laser capable of mode-hop-free operation across
the C and L communication bands with a specified
linewidth of 200 kHz. The laser was tuned at
70 nm�s. Not shown are a wavelength reference
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(HCN gas cell) and an auxiliary interferometer. The
NIST-calibrated wavelength reference is used to ad-
just for wavelength errors in the starting wavelength
of a measurement scan. The auxiliary interferometer
is used as a trigger to sample the incoming data in
equal increments of optical frequency. This serves to
correct for deviations from linearity in optical fre-
quency during laser tuning and thus enable proper
application of the Fourier transform processing de-
scribed in following paragraphs.6 The use of both a
gas cell and an auxiliary interferometer are well-
known methods to correct for phase errors during
laser tuning.

The interferometer closest to the TLS in Fig. 1 is
used to create two time-shifted, orthogonal polariza-
tion states with which to simultaneously interrogate
the DUT. We show that when this network is prop-
erly aligned, it can be used to measure the TF of the
DUT in a single laser scan. For the purposes of this
analysis, we assume a normalized input laser field of
the form E

→
in � �̂e�i�t, where �̂ is a unit vector describ-

ing the state of polarization and � is the instanta-
neous optical frequency. After passing through the
first Mach–Zehnder interferometer, the field can be
described by

E
→

1 � �M� 0 � M� 1� �̂ exp��i�t�
� m̂ exp[�i�(t � �0)] � n̂ exp��i��t � �1��. (1)

Here M� 0 and M� 1 are matrix operators that describe
the propagation of the field through the two branches
of the first interferometer, �0 and �1 are the delays
associated with these branches, and m̂ and n̂ are two
unit vectors describing the output states of polariza-
tion. The polarization controller, P� 1, is used to modify
the polarization state of the field in the upper branch
of the interferometer such that m̂ and n̂ are orthog-
onal. In practice, this orthogonality condition can be
established by minimizing the fringe amplitude at
the detector labeled A in Fig. 1.

The second polarization controller, P� 2, is then used
to ensure that, after passing through the lower
branch of the second interferometer, the field compo-
nents associated with the two branches of the first
interferometer are divided equally between the or-
thogonal polarization states defined by the polar-
ization beam splitter, ŝ and p̂.7 This condition is
described by

M� D0P� 2m̂ �
1

�2
�ŝ � p̂�exp�i��D0�, (2)

M� D0P� 2n̂ �
1

�2
�ŝ � p̂�exp�i��D0�, (3)

where P� 2 is the TF of the second polarization control-
ler, M� D0 is the matrix representing propagation
through the lower branch of the second interferome-
ter, and �D0 is the delay associated with this branch.
The field that propagates through the lower branch,
termed the reference field, can then be written as

E
→

R,out � M� D0 P� 2E
→

1

�
1

�2
�ŝ � p̂�exp��i��t � �0 � �D0��

�
1

�2
�ŝ � p̂�exp��i��t � �1 � �D0��. (4)

The field that propagates through the upper
branch of the second interferometer experiences a
polarization-dependent loss and phase shift due to
the DUT, which can be described by the DUT’s TF, H� .
This field can be expressed as

E
→

D, out � H� P� 2m̂ exp��i��t � �0 � �D1��
� H� P� 2n̂ exp��i��t � �1 � �D1��, (5)

where �D1 is the delay associated with the upper
branch of the second interferometer.

The polarization beam splitter then splits the com-
bined field, E

→
out, into two orthogonal components

ŝ and p̂ according to

Esŝ � (E
→

out · ŝ)ŝ �

�
1

�2
{exp[�i�(t � �0 � �D0)] � exp[�i�(t � �1 � �D0)]}

�[(H� P� 2m̂) · ŝ] � exp[�i�(t � �0 � �D1)]

�[(H� P� 2n̂) · ŝ] � exp[�i�(t � �1 � �D1)]
�ŝ

(6)

Epp̂ � (E
→

out · p̂)p̂ �

�
1

�2
{exp[�i�(t � �0 � �D0)] � exp[�i�(t � �1 � �D0)]}

�[(H� P� 2m̂) · p̂] � exp[�i�(t � �0 � �D1)]

�[(H� P� 2n̂) · p̂] � exp[�i�(t � �1 � �D1)]
�p̂

(7)

It is important to note here that simple basis rota-
tions applied to a TF have no effect on the linear
parameters (GD, PMD, etc.) extracted from that TF.

Fig. 1. Optical vector network analyzer.
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We can apply a unitary and invertible rotation matrix,
R� , and its inverse such that H� P� 2 � H� P� 2 R� �1R� . We
then assume that the second polarization controller,
P� 2, is a simple rotation with negligible PMD such that
H� P� 2R�

�1 � H� � is just a rotated version of the TF, H� .
This constitutes the only major assumption of this
analysis and limits the smallest measurable PMD
value to the residual PMD in the controller, P� 2, which
is typically on the order of 5–10 fs.

We can then choose R� so that R� m̂ � ŝ and R� n̂ � p̂,
a simple operation of rotating one set of orthogonal
vectors into another. For simplicity, we now introduce
a new notation such that Hsp � �H� �ŝ� · p̂. We also
introduce two new variables, � � �1 � �0 and �D � �D1
� �D0. Using this notation and doing some algebra,
one can show that the intensities at the
two detectors, S and P, shown in Fig. 1, can be written
as

Ip��� � EpEp* � Re	Hpp exp�i���D � ���
� Hsp exp�i���D � ���
 � · · · , (8)

Is��� � EsEs* � Re	Hps exp�i���D � ���
� Hss exp�i���D � ���
 � · · · . (9)

In these equations, we have omitted several terms
that do not relate directly to the extraction of the
TF—specifically, terms with no delay, with delay �,
and with delay �D. The four terms, Hpp, Hsp, Hps,
and Hss, in Eqs. (8) and (9) are the four elements of
the DUT TF (including the fiber pigtails and the po-
larization controller, P� 2) expressed in the orthogonal
basis of the polarization beam splitter.

Examining Eqs. (8) and (9) one can see that as the
TLS frequency is swept, fringes are generated as a
function of time on the two detectors, S and P, at
frequencies proportional to the delays �D � � and
�D � �. A discrete Fourier transform (FFT) of the data
from each channel will reveal impulses at these de-
lays. Three such impulses are shown in Fig. 2. This
plot displays the FFT of raw data from the P detector.
The DUT in this case was a fiber Bragg grating. The
impulses at �D � � and �D � � are associated with two
elements of the DUT TF.

The four impulses associated with the TF of the
DUT (two from each detector) can be extracted by the
process of bandpass filtering these four impulses and
transforming them individually back to the optical
frequency domain. This digital filtering process yields
the four complex TF elements. The dashed-line boxes
in Fig. 2 represent the location of windows used to
extract the two impulses associated with the DUT TF
in this data set. The windowing function used to pro-
cess the data in this paper was a “Rect” function with
the edges smoothed using a Gaussian curve to reduce
ringing due to edge effects. While this choice of win-
dow works well, other functions can be used. The
windowing function must be chosen such that it does
not alter the DUT impulses and thus affect the mea-

sured device response. Also, the window width must
be wide enough to encompass all of the DUT impulse
response, yet narrow enough not to include extrane-
ous information from other peaks.

Any dispersiveness in the DUT causes the im-
pulses associated with the TF elements to spread in
time. This is well illustrated by the spreading of the
Bragg grating impulses shown in Fig. 2. The delay
difference, � � �1 � �0, must therefore be chosen such
that the spreading does not cause the peaks to over-
lap in time. Such an overlap renders the TF elements
“mixed” in the time domain and the process of filter-
ing individual peaks becomes impossible. In this pa-
per, a delay of about 6 ns was used. This value was
chosen to give an effective wavelength resolution of
�1.5 pm. The chosen delay in turn limits the mea-
surable GD and PMD ranges to 6 ns.

The delay difference in the interferometer used for
triggered acquisition, �t, limits the delay of the DUT
to no greater than �t�2. The maximum �t is in turn
limited by the scan speed of the laser and the sam-
pling speed of the data-acquisition system used. For a
current embodiment of the measurement system,
DUT lengths are limited to 	100 m in transmission
and half that length in reflection.

Figure 3 shows the GD of an acetylene gas cell
absorption line as measured using the technique de-
scribed above. It is important to note here that a
simple definition of GD as the derivative of the phase
with respect to frequency yields a quantity that var-
ies as a function of the input polarization state. When
quantifying the GD of a component, then, it is pref-
erable to calculate some average GD with respect to
the polarization state. One common method to define
an average is to find the GD associated with the
principle states of polarization8 and average these
two results.3 We find that this formulation yields a
GD that becomes ill defined for components with high

Fig. 2. FFT of raw data from detector P. The DUT is a fiber Bragg
grating. The peaks at �D � � and �D � � are associated with two
elements of the DUT TF. The dashed boxes represent the location
of windows used to “slice out” these impulses to extract the DUT
TF elements. The 6 ns width of these windows limits the measur-
able GD or PMD to 6 ns.
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polarization-dependent loss (PDL). Rather than use
this definition, then, we calculate the GD from the
measured TF using a slightly unconventional defini-
tion, a weighted average phase derivative:

GD��� �
arg	� Hij���Hij*�� � 
��



�
, (10)

where the sum is over the four matrix elements. This
definition weights transmitting states more heavily
than nontransmitting ones and thus yields more
intuitive polarization-averaged results, even for
components with nontransmitting states (e.g., a po-
larizer).

To demonstrate the precision of the GD measure-
ment, 20 data sets with 32 scans averaged per set
were recorded and compared. Each individual data
set took less than 0.5 s to acquire. These data were
taken using a 1.5 pm wavelength step. At the mini-
mum of the absorption line, the 2� variation of the
GD is found to be 70 fs with a 15 pm derivative step
size and 40 fs with a 30 pm step. These step sizes
were chosen as they are most relevant to the metrol-
ogy of components for narrowband, high bit-rate sys-
tems. The inset in Fig. 3 shows a representative
subset of these data with a 15 pm step size. To check
the accuracy of the GD measurement, we applied the
Kramers–Kronig relationships to derive the GD from
the measured loss through the gas cell.9 The calcu-
lated GD, shown as the dotted curve in Fig. 3, closely
matches the measured GD. Note that the insertion
loss of the gas cell was also measured with the tech-
nique described herein.

A measurement of the PMD of a calibrated artifact
is shown in Fig. 4. The definition used in this paper to
derive the PMD from the TF of a DUT is well estab-
lished.8 While the PMD value quoted by the manu-
facturer of the artifact is 0.42 ps, we measure an
average PMD across the wavelength range of the
scan of 0.405 ps with a standard deviation of 0.01 ps.

The small difference is well within the expected mea-
surement error. To further verify the accuracy of the
PMD measurement, we measured the PMD of a 7 m
long SMF28 fiber. As is expected for this fiber, the
measurement shows little PMD across the wave-
length range of the scan (see Fig. 4). The standard
deviation of this data set is again 0.01 ps. Both of
these measurements were made using a 1.5 pm step
and a 30 pm smoothing and derivative step. Each
measurement took less than 1 min to acquire. For a
step of 500 pm, the average measured PMD for the
fiber is 8 fs, showing that the residual PMD of the
measurement network is very small.

The coherent interferometric technique is ideal for
metrology of narrowband dense wavelength division
multiplexing (DWDM) components that may have
wavelength-dependent loss features. To demonstrate
this, we measured the TF of one channel of a fiber-
coupled thin-film filter designed as a wavelength mul-
tiplexer. Figure 5 shows the GD and PMD derived
from the measured TF of this filter. The maximum and
minimum insertion loss (IL) as a function of wave-
length, measured with the same technique and calcu-
lated from the TF, are also shown. The two IL curves
shown in Fig. 5, ILmin and ILmax, were generated nu-
merically using the TF and an eigenanalysis tech-
nique.10 For this component, the minimum and
maximum are nearly identical across the passband
of the device, indicating low PDL. One can see from
Fig. 5 that the IL features are resolvable down to less
than �100 dB. In addition, the GD and PMD are
measurable at IL values down to �80 dB, demon-
strating that this measurement technique enables
dispersion characterization for components with very
high loss.

The high dynamic range achieved in this paper is
enabled first by the high sensitivity inherent in the
homodyne interferometric technique, and second by
careful averaging of multiple data sets. The averag-
ing algorithm used first aligns the relative phases of
each data set and then computes the mean by aver-

Fig. 3. Group delay of an acetylene gas cell as measured (solid
curve) using the technique described in this paper and as calculated
(dashed curve) from the loss of the same cell. The inset shows five
representative data sets illustrating measurement repeatability.

Fig. 4. Measured PMD of a PMD artifact (solid curve) and a 7 m
length of SMF28 fiber (dotted curve) using the network shown in
Fig. 1.
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aging real and imaginary parts. This ensures that
small contributions from noise in both amplitude and
phase average to zero. If, instead, the amplitude and
phase are averaged, as is more common, noise con-
tributions average to a small, but nonzero, number.
This averaging method, then, allows improved access
to the full sensitivity of the measurement technique,
thereby enabling levels of dynamic range beyond
80 dB.

In this paper, we have concentrated on results for
GD, PMD, and IL. Other quantities, such as chro-
matic dispersion, PDL, and second-order PMD, are
easily calculated from the TF as well. Also, by use of
a Fourier transform, one can easily examine the be-
havior of the DUT in the optical time domain, as is
evident in Fig. 2. While we have concentrated on
transmission devices in this paper, the technique is

easily adaptable to reflection devices by the addition
of an optical switch downstream of the DUT. The
single-scan, accurate, and high dynamic range mea-
surements yielded by this technique make it ideal for
rapid, high-resolution characterization of passive op-
tical components.
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