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Abstract—The first bilateral lightwave network analyzer
(BLNA) architecture that is capable of two-port -parameter
measurements is reported in this paper. A combined two-tier
calibration is proposed and implemented for electrooptic and
optoelectronic measurements. Calibrated measurement results
showing the good performance of the BLNA for all types of
lightwave components are also presented.

Index Terms—Microwave measurements, optical variables mea-
surement.

I. INTRODUCTION

T HE continuing growth in the application of lightwave tech-
niques to microwave systems (such as fiber-optic commu-

nications [1], fiber-radio picocells [2], optical beamforming in
phased-array antennas [3], all-optical microwave filters [4], and
optical control of microwave components [5]) has created new
challenges for microwave metrology. A microwave fiber-optic
link, for example, will employ a diverse range of two-ports,
which come under the umbrella term of lightwave components.
These are classified into four categories depending on whether
the signal at the input and output ports is electrical (E) or op-
tical.

Lightwave network analysis is defined as the measurement
of the small-signal microwave characteristics (such as mod-
ulation frequency response, transmission gain/loss, return
loss, and phase delay) of electrical (E/E), electrooptic (E/O),
optoelectronic (O/E) and optical (O/O) two-ports. Although
characterization of E/E components is readily carried out with
automated microwave vector network analyzers, for which a
wealth of two-port calibration techniques is available [6]–[8],
corresponding measurement techniques for E/O, O/E, and
O/O two-port parameters are less developed. For example, the
industry-standard lightwave network analyzer [9] requires two
measurement configurations and up to four distinct calibrations
to measure all four types of lightwave components. Moreover,
the lightwave calibrations are simple normalization procedures,
which can lead to error-prone measurements. In this respect,
contemporary lightwave test sets and calibration of them have
not progressed much beyond the work described in [10] and
[11].
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One proposal aimed at overcoming the unilateral nature
of prior test sets made use of bilateral E/O networks in a
cascade arrangement, which potentially allows application
of thru-refelction-line (TRL)-type calibrations to lightwave
components [12]. Despite the conceptual elegance, the method
has only been demonstrated for one-port measurement of O/O
devices [13]. Other recent developments in the field include the
development of two-port test sets and self-calibrations for O/O
components [14]–[16]. These echo microwave vector-network
analyzers, in that the test sets are bilateral. That is, a single
connection of the O/O device-under-test (DUT) is made to the
test set, and all four modulation-parameters can be measured
with a single configuration. We have previously presented
some results that demonstrate the feasibility of an E/O network
analyzer [17]. However, a complete bilateral lightwave network
analyzer (BLNA) has yet to be demonstrated that would offer
the same features forall lightwave two-ports.

This paper describes an automated BLNA that is capable of
measuring two-port -parameters of any lightwave component
with a single connection of the DUT to the test set. This is
facilitated by the use of microwave and optical double reflec-
tometers together with microwave and optical signal switching.
The BLNA offers a number of advantages. Firstly, the bilateral
test set means the number of connect-disconnect cycles (and,
hence, operator steps) is reduced compared to conventional an-
alyzers [9]. Secondly, two-port self-calibration techniques can
be applied to E/E and O/O measurements, and the latter can
also be used as the first stage in E/O and O/E calibrations. The
following sections describe the architecture of the BLNA, the
associated full two-port lightwave calibration techniques, and
measurement results.

II. BLNA: A RCHITECTURE

The prototype BLNA was constructed from an HP 8510C
microwave test set module, a microwave switch, a laser emitting
at a wavelength of 1.3m, two amplified and one unamplified
lightwave receivers, and two lightwave directional couplers. In
addition, an external computer was used to control the BLNA
and conduct calibration procedures and measurements. The
block diagram of the BLNA is shown in Fig. 1. Incident and
reflected microwave signals are denoted by , while

are the corresponding optical variables. The
waves following the power-combiner module originate from
either the microwave or the optical test set, hence, the subscript

(resultant) is used to differentiate them from those of the
microwave test set itself.

At the heart of the BLNA are the microwave and optical test
sets shown in Figs. 2 and 3, respectively. A microwave signal
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Fig. 1. Block diagram of BLNA concept.

Fig. 2. Microwave test set of BLNA.

from a synthesized sweeper is directed into the test sets by a
three-way microwave switch. Two switch positions are allo-
cated for the microwave test set in order to supply microwave
ports 1 and 2, respectively. Incident and reflected waves at the
appropriate ports are then separated by the microwave dual
directional couplers (Fig. 2) and passed to the power-combiner
module for subsequent detection in the frequency converter
module. However, only one route is required for the optical
test set (Fig. 3), with the microwave signal directly modulating
the laser diode, the output of which is then branched out via a
lightwave switch to optical ports 1 and 2. The resulting incident
and reflected lightwaves are separated by lightwave dual
directional couplers, detected by three lightwave receivers, and
passed onto the power-combiner module. Errors introduced by
the couplers are quantified by the directivity error. Similarly,
the switches in the source path lead to additional errors in the
measurements, although uncertainty limits can be specified.
The switch error (after calibration) falls mainly under the load
match error term.

The prototype employed two amplified and one unamplified
lightwave receivers. With the unamplified receiver being used
to detect or , a reduced dynamic range for subsequent
measurements is observed. Although external power amplifiers
might be used, they are unable to detect small power levels from
the photodiodes without also increasing noise content. Hence,
an unamplified receiver was used to detect , one amplified
receiver to detect , and another was switched between
and . This arrangement was a cost-effective way to realize

Fig. 3. Optical test set of the BLNA.

the prototype, although it is clear that improved performance
could be achieved by employing amplified lightwave receivers
throughout.

Similar signals from the optical and microwave test sets
(e.g., and ) are combined using three power com-
biners (Fig. 4) before being passed to the frequency converter
module, where they are down converted and sampled for further
processing. The use of power combiners makes it possible
to use a simple four-channel frequency converter; otherwise
eight channels would be required with only four in use for
any one measurement. The power combiners are, therefore,
an important part of the BLNA in terms of efficient use of
components.

III. M EASUREMENTPROCEDURES

The ports to which the four types of lightwave components
should be connected are listed in Table I along with the cor-
responding measured quantities resulting from the switch set-
tings. Both E/O and O/E DUTs are connected between the same
ports, the only difference being that the forward configuration
for the E/O measurements is the reverse of that for the O/E DUT
measurements. The use of power combiners requires that neither
ports and , nor ports and are simultaneously used
because signals from these ports share the same combiners; it is
evident from the table that the measurement configurations sat-
isfy these requirements.

The connection of E/O and O/E components between the
same ports paves the way for the possible implementation of a
single two-port calibration for both sets of measurements. The
only calibrations demonstrated prior to this paper for E/O and
O/E measurements are simple normalization calibrations, and
two separate calibrations are required, one for each type. Al-
though a two-port calibration using a bilateral electrooptic net-
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Fig. 4. Power-combiner module of the BLNA.

TABLE I
MEASUREMENTCONFIGURATION AND THE CORRESPONDINGMEASURED

QUANTITIES OF THE DUT MEASUREMENTS OF THEFOUR TYPES OF

LIGHTWAVE COMPONENTS

work (BEON) was suggested in [12], it was validated neither
by simulations, nor experiments. In addition, it may be argued
that the theory is limited in that the effect of the BEON is not
removed from the normalized error network and could result in
subsequent measurement results being scaled. Since the work
of [12], a generalized calibration procedure has been de-
veloped in the microwave domain [8]. This forms the basis of a
two-tier combined E/O and O/E calibration, in which the gen-
eralized procedure is implemented as the first tier, and a
deembedding procedure is used as the second tier to remove the
effect of the BEON [17].

IV. COMBINED E/O AND O/E TWO-TIER CALIBRATION

The generalized calibration procedure requires three
two-port or double one-port standards. A thru must be chosen
as the first standard, while the second standard must have
zero reflections. However, the lack of critical components,
specifically E/O or O/E thrus and reciprocal reflectionless
standards, prevents the direct application of this calibration
procedure for E/O and O/E measurements.

These limitations can be overcome by applying a two-tier cal-
ibration approach [17]. In the first-tier, the microwave test port

is transformed into an optical port by using a BEON
[13] (Fig. 5). An optical calibration is then applied between
ports and .

The three measurements obtained from the optical calibration
standards in cascade with the BEON can be expressed using the
notation in [8] as

(1)

(2)

and

(3)

Fig. 5. (a) Measurement configuration for the combined E/O and O/E two-tier
calibration. (b) Corresponding calibration model.

where are the measured power waves at the
detectors, as shown schematically in Fig. 5(b), and is the
matrix product

where the single and double primes represent the forward and
reverse directions. is the -matrix of the BEON and

are the -matrices of the optical standards.
The calibration procedure will see an effective error net-

work at , which is the cascade of error network A and the
BEON, i.e., the BEON is treated as an integral part of the BLNA.
Hence, the calibration equations can be rewritten as

(4)

(5)

and

(6)

where

(7)

Therefore, if the procedure is followed as in [8], the nor-
malized matrix can be evaluated where the bar indicates
normalization. In addition, for the E/O calibration, the effect of
the BEON has to be finally deembedded from because the
BEON is not used as part of the BLNA for subsequent measure-
ments. Starting with the equality

(8)

the constant factor, which is required to obtain from the
product of , can be lumped with one of these two
matrices, i.e.,

(9)

Therefore,

(10)
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Fig. 6. Calibrated optical magnitude measurements by the BLNA compared with the those by HP 8703A. (a)S of a�0:2–dB reflect at Port 1. (b)S of a
�20–dB attenuator.

Fig. 7. Calibrated optical phase measurements by the BLNA compared with those by the HP 8703A. (a) Deviation from linear phase ofS of a�0:2–dB
reflect at the end of a length of fiber at Port 1. (b) Phase ofS of a�20–dB attenuator.

Thus, by treating the BEON as a black box whose-parameters
are pre-measured, it is possible to remove its response from this
composite error network by a second-tier procedure to obtain a
normalized version of the error network A. The matrixasso-
ciated with error network B can be evaluated as in [8].

V. EXPERIMENTAL RESULTS

A program on an instrumentation computer was written to
control the BLNA. The program performs microwave, optical,
and combined E/O and O/E calibrations, and provides
error-corrected measurements of all four types of lightwave

components. The measured microwave results have been
compared with the factory measured data, while the optical,
O/E, and E/O measurements have been compared with results
obtained using the HP 8703A lightwave analyzer.

Measurement of microwave verification standards were in ex-
cellent agreement with the factory measured data, and were also
within the specified uncertainty limits. The major modifications
to the HP 8510 microwave test set to configure the BLNA are
the addition of a three-way switch in the source path, and the
addition of power combiners in the sampler paths. The results
show that the modifications have not affected the accuracy of
the E/E measurements with the test set.



2634 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 12, DECEMBER 2000

Fig. 8. Calibrated E/O and O/E measurements by the BLNA compared with those by HP 8703A. (a)S of the BEON. (b)S of the BEON.

Fig. 9. Calibrated E/O and O/E measurements by the BLNA compared with the those by HP 8703A. (a)S of the Ortel 3541B Laser. (b)S of an HP
amplified lightwave receiver.

A. Optical Measurements

The BLNA was calibrated between its optical ports using the
thru-attenuate-reflect (TAR) routine [15]. This is found to be
the best O/O calibration technique from the family, both
in terms of giving the most accurate broad-band results and not
requiring index matching gel [16]. Optical magnitude measure-
ments are shown in Fig. 6. It is evident that the results from
the BLNA are within the limits of uncertainty from those of
the optical test set in [12]. The measurement results from the
HP 8703A are also within the uncertainty limits for transmis-
sion magnitude, but the improved reflection magnitude clearly
shows the enhanced accuracy of the BLNA. Optical phase mea-
surements are shown in Fig. 7. The results for both the optical re-
flection and transmission phase are well within the predicted un-
certainty limits, which are calculated using the method in [18].

The apparently noisy results from the BLNA are probably
due to two factors. Firstly, the use of a directly modulated laser
reduced the power levels at the lightwave receivers. This in-
creases the effect of the low-level noise of the receiver on the de-
tected signals. Secondly, the unamplified receiver (which should
ideally be followed by a low-noise amplifier) is followed by a
power amplifier in the prototype, which also increases the signal
noise content. These factors are observed to increase the noise
floor by approximately 10 dBo. The use of an external modu-
lator and amplified receivers throughout will reduce the noise
effects.

B. E/O and O/E Measurements

The E/O and O/E measurements are performed after cali-
brating the analyzer with the two-tier calibration. The calibra-
tion standards used in the first-tier are an optical thru (T), optical
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Fig. 10. Calibrated E/O and O/E noise floor measurements by the BLNA compared with the those by HP 8703A. (a)S . (b)S .

attenuator (A), and optical mirrors (R) cascaded in turn with the
BEON. The BEON is identical to the one constructed in [13].
Deembedding of the BEON is then performed to obtain the E/O
and O/E calibration coefficients. The BEON is remeasured after
the calibration, and compared with the values used for the deem-
bedding. It is evident that there is a good agreement between the
two (Fig. 8).

Fig. 9 shows the measurement results of the forward trans-
mission -parameters of a laser (Ortel 3541B DFB) and a light-
wave receiver. It is seen that the measurements with the HP
8703A and BLNA follow each other closely over most of the
frequency range. Uncertainty limits similar to the microwave
and optical cases are not presented since the method described
in [18] cannot be applied to E/O and O/E cases.

Fig. 10 shows the reverse transmission-parameters of the
same components. It is essentially a noise-floor measurement
because these two devices are unilateral. The noise floor ob-
tained with the prototype BLNA is worse than the commercial
analyzer, only because it employed a directly modulated laser
and unamplified receiver.

VI. CONCLUSIONS

In this paper, a BLNA has been designed and demonstrated.
The major advantages of the proposed BLNA over the present
state-of-the-art commercial lightwave analyzer are its improved
accuracy and capability to perform two-port-parameter mea-
surements of all four types of lightwave components without
the need for connections and disconnections. Consequently,
two-port self calibrations can be applied to both E/E and O/O
components and both E/O and O/E components are measured
between the same pair of ports of the BLNA. This allows the
implementation of a combined E/O and O/E calibration. A
novel two-tier combined E/O and O/E calibration has been
proposed for this purpose. The generalized self-calibration
procedure is used in the first tier, and a deembedding procedure
is used in the second tier to remove the effect of the BEON.

The prototype has provided results that closely follow the
predicted values for both microwave and optical measurements.
Its accuracy for optical reflection magnitude measurements is
much better than those obtained with an existing commercial
lightwave network analyzer. The E/O and O/E transmission
measurements from both the commercial instrument and the
BLNA show good agreement over most of the frequency range.
The dynamic range reduction and the variations in the results
with the prototype BLNA will be readily alleviated with the
use of purpose-built hardware.
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