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Abstract—The first bilateral lightwave network analyzer One proposal aimed at overcoming the unilateral nature
(BLNA) architecture that is capable of two-port S-parameter of prior test sets made use of bilateral E/O networks in a
measurements is reported in this paper. A combined two-tier cascade arrangement, which potentially allows application

calibration is proposed and implemented for electrooptic and - . . . .
optoelectronic measurements. Calibrated measurement results of thru-refelction-line (TRL)-type calibrations to lightwave

showing the good performance of the BLNA for all types of Components [12]. Despite the conceptual elegance, the method

lightwave components are also presented. has only been demonstrated for one-port measurement of O/O
Index Terms—Microwave measurements, optical variables mea- devices [13]. Other recent developments in the field include the
surement. 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
HE continuing growth in the application of lightwave techtest set, and all four modulatidfparameters can be measured
nigues to microwave systems (such as fiber-optic commwith a single configuration. We have previously presented
nications [1], fiber-radio picocells [2], optical beamforming irsome results that demonstrate the feasibility of an E/O network
phased-array antennas [3], all-optical microwave filters [4], ahalyzer [17]. However, a complete bilateral lightwave network
optical control of microwave components [5]) has created neanalyzer (BLNA) has yet to be demonstrated that would offer
challenges for microwave metrology. A microwave fiber-optithe same features fail lightwave two-ports.
link, for example, will employ a diverse range of two-ports, This paper describes an automated BLNA that is capable of
which come under the umbrella term of lightwave component®easuring two-porf-parameters of any lightwave component
These are classified into four categories depending on whethéih a single connection of the DUT to the test set. This is
the signal at the input and output ports is electrical (E) or ofacilitated by the use of microwave and optical double reflec-
tical. tometers together with microwave and optical signal switching.
Lightwave network analysis is defined as the measuremérie BLNA offers a number of advantages. Firstly, the bilateral
of the small-signal microwave characteristics (such as mogst set means the number of connect-disconnect cycles (and,
ulation frequency response, transmission gain/loss, retv@nce, operator steps) is reduced compared to conventional an-
loss, and phase delay) of electrical (E/E), electrooptic (E/Qlyzers [9]. Secondly, two-port self-calibration techniques can
optoelectronic (O/E) and optical (O/O) two-ports. Althougtve applied to E/E and O/O measurements, and the latter can
characterization of E/E components is readily carried out witiso be used as the first stage in E/O and O/E calibrations. The
automated microwave vector network analyzers, for whichfallowing sections describe the architecture of the BLNA, the
wealth of two-port calibration techniques is available [6]-[8Jgssociated full two-port lightwave calibration techniques, and
corresponding measurement techniques for E/O, O/E, amgasurement results.
O/O two-port parameters are less developed. For example, the
industry-standard lightwave network analyzer [9] requires two [I. BLNA: A RCHITECTURE

measurement configurations and up to four distinct calibrationsyp,q prototype BLNA was constructed from an HP 8510C
to measure all four types of lightwave components. Moreovegicrowave test set module, a microwave switch, a laser emitting
the lightwave calibrations are simple normalization procedureg, 5 wavelength of 1.3m, two amplified and one unamplified
which can lead to error-prone measurements. In this respggynyvave receivers, and two lightwave directional couplers. In
contemporary lightwave test sets and calibration of them haygqition, an external computer was used to control the BLNA
not progressed much beyond the work described in [10] aglq conduct calibration procedures and measurements. The
[11]. block diagram of the BLNA is shown in Fig. 1. Incident and
reflected microwave signals are denoteddjyand b, while
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le p: l laE i l the prototype, although it is clear that improved performance
! ! 2 2 could be achieved by employing amplified lightwave receivers
To the Power Combiner Module throughout.

Similar signals from the optical and microwave test sets
(e.g., —at and aP™) are combined using three power com-

biners (Fig. 4) before being passed to the frequency converter

from a synthesized sweeper is directed into the test sets by,gq,je, where they are down converted and sampled for further
three-way microwave switch. Two switch positions are a”cbrocessing. The use of power combiners makes it possible

cated for the microwave test set in order to supply microwayg ,se 4 simple four-channel frequency converter: otherwise
ports 1 gnd 2, respectively. Incident and reflected_ waves at fient channels would be required with only four in use for
appropriate ports are then separated by the microwave dygl, one measurement. The power combiners are, therefore,

directional couplers (Fig. 2) and passed to the power-combingy important part of the BLNA in terms of efficient use of
module for subsequent detection in the frequency Conver&'{mponents.

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 The ports to which the four types of lightwave components
and reflected lightwaves are separated by lightwave dusdlould be connected are listed in Table | along with the cor-
directional couplers, detected by three lightwave receivers, amdponding measured quantities resulting from the switch set-
passed onto the power-combiner module. Errors introducedtings. Both E/O and O/E DUTSs are connected between the same
the couplers are quantified by the directivity error. Similarlyports, the only difference being that the forward configuration
the switches in the source path lead to additional errors in tfog the E/O measurements is the reverse of that for the O/E DUT
measurements, although uncertainty limits can be specifiedeasurements. The use of power combiners requires that neither
The switch error (after calibration) falls mainly under the loagortsE; andO;, nor portsk; andO- are simultaneously used
match error term. because signals from these ports share the same combiners; itis
The prototype employed two amplified and one unamplifieglvident from the table that the measurement configurations sat-
lightwave receivers. With the unamplified receiver being usesfy these requirements.
to detect?™ or 6™, a reduced dynamic range for subsequent The connection of E/O and O/E components between the
measurements is observed. Although external power amplifisame ports paves the way for the possible implementation of a
might be used, they are unable to detect small power levels fraingle two-port calibration for both sets of measurements. The
the photodiodes without also increasing noise content. Henoaly calibrations demonstrated prior to this paper for E/O and
an unamplified receiver was used to detegt!, one amplified O/E measurements are simple normalization calibrations, and
receiver to deteatP™, and another was switched betweéh!  two separate calibrations are required, one for each type. Al-
andb$M. This arrangement was a cost-effective way to realizhough a two-port calibration using a bilateral electrooptic net-

Fig. 2. Microwave test set of BLNA.

Ill. M EASUREMENT PROCEDURES
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E E oM oM
E0 E; ©: G I B wherem+, msa, ms, m4 are the measured power waves at the
O/E O, E, a™ | b | of | of detectors, as shown schematically in Fig. 5(b), 8v0 is the
0/0 O 0, | o™ | a™ | o matrix product
-1
M] = mi mj ms  mj
work (BEON) was suggested in [12], it was validated neither my  my )\ ml mj

by simulations, nor experiments. In addition, it may be argued i ,
that the theory is limited in that the effect of the BEON is no\fvhere the single and double primes represent the forward and

i : EO .
removed from the normalized error network and could result [ﬁveorse directionsI'sgoy is theT-matrix of the BEON and

subsequent measurement results being scaled. Since the ik are theZ-matrices of the optical standards.

of [12], a generalized'zy calibration procedure has been de- TheTa?g// cahb_ratl_on procedure will see an effective error net-
veloped in the microwave domain [8]. This forms the basis of§C'K at O}, which is the cascade of error network A and the
two-tier combined E/O and O/E calibration, in which the gerPEON: i-€., the BEONis treated as anintegral part of the BLNA.
eralizedTzy procedure is implemented as the first tier, and Hence, the calibration equations can be rewritten as
deembedding procedure is used as the second tier to remove the

_ O0p-—-1
effect of the BEON [17]. My = AN B “)
M) = mo, AcgNSOB ! (5)
IV. COMBINED E/O AND O/E TwoO-TIER CALIBRATION and
The generalizedl'zy calibration procedure requires three M} =mz, AcgNSOB ! (6)
two-port or double one-port standards. A thru must be cho
as the first standard, while the second standard must have EO
zero reflections. However, the lack of critical components, Aer = ATppox- @)

specifically E/O or O/E thrus and reciprocal reflectionle . . .
standards, prevents the direct application of this calibratisjme.refore’ i t.hérxy procedure is followed as in [8], t_he nor
malized matrixA.g can be evaluated where the bar indicates
procedure for E/O and O/E measurements. . " . .
grormahzatlon. In addition, for the E/O calibration, the effect of

These limitations can be overcome by applying a two-tier ca} e BEON has to be finally deembedded frmy because the

|bra_t|0n approach [.17]' In the f!rst-t|er, t/he microwave test po EON is not used as part of the BLNA for subsequent measure-
E, is transformed into an optical pof} by using a BEON . , ;
ments. Starting with the equality

[13] (Fig. 5). An opticall'zy calibration is then applied between
portsOf andO-.

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

Aci = ATERon ®)
constant factor, which is required to obt#in; from the
product ofA and TED\, can be lumped with one of these two

1\/[1 :ATE%ONN?OB—I (1) ma’[l’lceS, l.e.,

M), =ma, ATERoN NS B (2) A = ATRpon- 9)
and Therefore,

M = ma, ATERoNNg OB ™ ©) A =AaTERon " (10)
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Fig. 6. Calibrated optical magnitude measurements by the BLNA compared with the those by HP 8733 @f)a —0.2—dB reflect at Port 1. (b§.° of a
—20—dB attenuator.
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Fig. 7. Calibrated optical phase measurements by the BLNA compared with those by the HP 8703A. (a) Deviation from linear§ffiasef ef—0.2—dB
reflect at the end of a length of fiber at Port 1. (b) Phas8@f of a—20—dB attenuator.

Thus, by treating the BEON as a black box wh&sparameters components. The measured microwave results have been

are pre-measured, it is possible to remove its response from tosnpared with the factory measured data, while the optical,

composite error network by a second-tier procedure to obtaitOdE, and E/O measurements have been compared with results

normalized version of the error network A. The mafBxasso- obtained using the HP 8703A lightwave analyzer.

ciated with error network B can be evaluated as in [8]. Measurement of microwave verification standards were in ex-
cellent agreement with the factory measured data, and were also

V. EXPERIMENTAL RESULTS within the specifieq uncertainty limits. The major modifications
' to the HP 8510 microwave test set to configure the BLNA are
A program on an instrumentation computer was written tive addition of a three-way switch in the source path, and the
control the BLNA. The program performs microwave, opticagddition of power combiners in the sampler paths. The results
and combined E/O and O/Ezy calibrations, and provides show that the modifications have not affected the accuracy of
error-corrected measurements of all four types of lightwatke E/E measurements with the test set.



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

—— BLNA
— — HP8703A
-33.0— 127
E =11
z 33.5 —_ § ]
2 1 - @ ]
B 840 TTTTe--mee- ST .~ 310—:
ﬁ_ ] \\\ au? b
¢ 3454 9
'35-0-IVIIIIIII[IIIIY[IIII 8""""""""""
48 50 52 54 56 58 48 50 52 54 656 58
Frequency (GHz) Frequency (GHz)
(@) (b)

Fig. 8. Calibrated E/O and O/E measurements by the BLNA compared with those by HP 8703K°(af the BEON. (b)SES of the BEON.

—— BLNA
— — HP8703A

21+

n
o

-
©
TETENINES INENENUNIS IVRTUNENES AR

S, (dB AW)

S, (dB W/A)

pry
o]

'26-5 Tt 1 [t v Tt rrrJrrr) 17 1T | LIELERLIS B B A ] LB B |
48 50 52 54 56 58 48 50 52 54 56 58
Frequency (GHz) Frequency (GHz)
(a) (b)

Fig. 9. Calibrated E/O and O/E measurements by the BLNA compared with the those by HP 8703A° (aj the Ortel 3541B Laser. (b§5F of an HP
amplified lightwave receiver.

A. Optical Measurements The apparently noisy results from the BLNA are probably
due to two factors. Firstly, the use of a directly modulated laser
The BLNA was calibrated between its optical ports using theduced the power levels at the lightwave receivers. This in-
thru-attenuate-reflect (TAR) routine [15]. This is found to bereases the effect of the low-level noise of the receiver on the de-
the best O/O calibration technique from tiiey family, both tected signals. Secondly, the unamplified receiver (which should
in terms of giving the most accurate broad-band results and i@gally be followed by a low-noise amplifier) is followed by a
requiring index matching gel [16]. Optical magnitude measurgower amplifier in the prototype, which also increases the signal
ments are shown in Fig. 6. It is evident that the results fronpise content. These factors are observed to increase the noise
the BLNA are within the limits of uncertainty from those offloor by approximately 10 dBo. The use of an external modu-
the optical test set in [12]. The measurement results from tlaor and amplified receivers throughout will reduce the noise
HP 8703A are also within the uncertainty limits for transmiseffects.
sion magnitude, but the improved reflection magnitude clearl
shows the enhanced accuracy of the BLNA. Optical phase m
surements are shown in Fig. 7. The results for both the optical reThe E/O and O/E measurements are performed after cali-
flection and transmission phase are well within the predicted uprating the analyzer with the two-tier calibration. The calibra-
certainty limits, which are calculated using the method in [18}ion standards used in the first-tier are an optical thru (T), optical

_E/O and O/E Measurements
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Fig. 10. Calibrated E/O and O/E noise floor measurements by the BLNA compared with the those by HP 87683&. (@) ST.F.

attenuator (A), and optical mirrors (R) cascaded in turn with the The prototype has provided results that closely follow the
BEON. The BEON is identical to the one constructed in [13predicted values for both microwave and optical measurements.
Deembedding of the BEON is then performed to obtain the EA@ accuracy for optical reflection magnitude measurements is
and O/E calibration coefficients. The BEON is remeasured afteiuch better than those obtained with an existing commercial
the calibration, and compared with the values used for the dedightwave network analyzer. The E/O and O/E transmission
bedding. It is evident that there is a good agreement betweenheasurements from both the commercial instrument and the
two (Fig. 8). BLNA show good agreement over most of the frequency range.

Fig. 9 shows the measurement results of the forward traridie dynamic range reduction and the variations in the results
missionS-parameters of a laser (Ortel 3541B DFB) and a lighwith the prototype BLNA will be readily alleviated with the
wave receiver. It is seen that the measurements with the H&e of purpose-built hardware.

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. (1]

Fig. 10 shows the reverse transmissipparameters 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 lasei3]
and unamplified receiver.

[4]
VI. CONCLUSIONS

In this paper, a BLNA has been designed and demonstrateo{.E’]
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-pdHparameter mea- 7]
surements of all four types of lightwave components without
the need for connections and disconnections. Consequentlyél
two-port self calibrations can be applied to both E/E and O/O
components and both E/O and O/E components are measurgd]
between the same pair of ports of the BLNA. This allows the
implementation of a combined E/O and O/E calibration. Apq
novel two-tier combined E/O and O/E calibration has been
proposed for this purpose. The generalid&d; self-calibration
procedure is used in the first tier, and a deembedding procedu[’lell
is used in the second tier to remove the effect of the BEON.
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