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Optical Test Set for Microwave
Fiber-Optic Network Analysis

DAVID D. CURTIS, MEMBER, IEEE, AND ELIZABETH E. AMES, MEMBER, IEEE

Abstract — An optical test set is presented which can be used with any
vector network analyzer for measuring microwave transmission and reflec-
tion scattering parameters of fiber-optic components. Measurement con-
figurations and operating characteristics are discussed. Calibration of the
network analyzer, which is performed using fiber-optic offset shorts,
matched load, and thru calibration standards, is discussed, reflection error
terms are computed, and de-embedding relations are given for transmission
and reflection measurements. A frequency response normalization is also
presented as an alternative means of de-embedding reflection magnitude
and phase. Accuracy limitations are addressed in terms of connector
repeatability, calibration repeatability, accuracy of the calibration stan-
dards, test set dynamic range, and resolution. S matrices measured at
2.0 GHz are also presented to illustrate the utility of characterizing
fiber-optic components in terms of microwave performance when designing
a microwave fiber-optic network.

I. INTRODUCTION

HE USE OF lightwave technology is becoming in-
creasingly popular in antenna remoting links [1] and
in prototype true time delay signal processing applications
such as optical beam-forming networks for array antennas
[2]-{4] and matched filters [5]. While the electrical scatter-
ing parameters of these networks are easily measured using
a vector network analyzer, this type of characterization is
strictly external. To facilitate the design of these networks
it is desirable to evaluate the microwave performance of
the fiber-optic components within the network, which re-
quires a means of interfacing a network analyzer with the
microwave signals that reside in the optical regime as
intensity modulation of the lightwave carrier. Develop-
ment of a network analyzer tailored for this purpose has
been reported [6] and is commercially available [7]. How-
ever, theoretical aspects related to network analyzer cali-
bration and de-embedding techniques for optical regime
measurement of microwave signals have not been reported
in the literature. Issues pertaining to measurement accu-
racy and repeatability have not been addressed; nor have
definitions been given for microwave scattering parameters
of optical components.
In this paper we introduce an optical test set (OTS)
complete with fiber-optic calibration standards, which fol-
lows the convention of using a thru standard for transmis-
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sion calibration, and two offset shorts and a matched load
for reflection calibration. The reflection error correction
terms used in this technique are determined from calcu-
lated and measured reflection scattering parameters of the
offset shorts and matched load calibration standards. De-
embedding relations are given for transmission and reflec-
tion measurements. A normalization technique using the
frequency response tracking error term is also presented as
a simplified reflection de-embedding method. Calibration
of the network analyzer and scattering parameter measure-
ments are made directly in the optical regime by tracking
the microwave intensity envelope of the lightwave carrier.
The measurement uncertainty of the OTS is determined
from the repeatability of connections and calibration stan-
dards, comparison of calculated versus measured S param-
eters of the calibration standards, and measurements of
known fiber-optic attenuators and cleaved fiber. OTS dy-
namic range and resolution are also given, based on exper-
imental results. We present scattering matrices of a fiber-
optic directional coupler, a 1X2 switch, and a true time
delay network composed of these components, measured
at 2.0 GHz.

We begin this paper with definitions of the microwave
scattering parameters of optical components in terms of
lightwave modulation wave variables. The optical standing
wave ratio is introduced, and relations are given for the
fiber-optic S parameters in terms the electrical power
ratios displayed by the network analyzer.

II.  S-PARAMETER CHARACTERIZATION OF
MiICROWAVE FIBER-OPTIC NETWORKS

The two-port black box illustrated in Fig. 1 is represen-
tative of the RF wave behavior measured between any two
ports of a microwave fiber-optic network. Parameters SE
and Sf are the commonly known electrical scattering
parameters, measured using a conventional network ana-
lyzer. Internal to the two-port black box are lightwave
transducers that modulate and demodulate the microwave
signal upon the optical carrier wave. A commonly used
method of optical carrier modulation and demodulation is
depicted in Fig. 2 to facilitate the definitions of the modu-
lation scattering parameters, Sy, and S?,, which follow. In
Fig. 2, a microwave signal is impressed upon the lightwave
carrier as double-sideband intensity modulation. This is
readily accomplished by direct modulation of the bias

0018-9480,/90,/0500-0552$01.00 ©1990 IEEE



CURTIS AND AMES: OPTICAL TEST SLT

TWO-PORT BLACK BOX NETWORK

Sll

ELECTRICAL
REGIME

OPTICAL
REGIME

ELECTRICAL
REGIME

Fig. 1. Microwave fiber-optic two-port black box network representing
the external electrical scattering parameters and internal fiber-optic
scattering parameters.
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Fig. 2. Modulation and demodulation of an optically carried mi-
crowave by means of direct laser diode modulation and p-i-n photodi-
ode detection.

current applied to the optical source, a semiconductor laser
diode. Demodulation is performed by a reverse-biased
photodiode, an optical detector that produces an RF cur-
rent as the square of the detected optical carrier electric
field. In both the modulation and demodulation processes,
microwave current is linear with the envelope of the opti-
cal intensity.

A. Definition of S?, and S,

Since the microwave signal resides on the optical carrier
as an intensity envelope, it is subject to the same optical
regime phenomena as the carrier. These effects include
modal, material, and waveguide dispersion [8], scattering
[9], and optical reflections from discontinuities that are on
the order of the optical wavelength. Measurements made
in the optical regime are in fact measurements of the
microwave envelope, not the carrier wave. We define wave
variables a? and b? for the incident and emergent optical
power waves, respectively, which occur at the nth port
within the fiber-optic network. The incident wave at the
nth port is given as

al=®, Mcos(wyt+ ¢7,) (1)
where ®,, is the incident average optical power, M is the
modulation index, w,, is the RF modulation angular fre-
quency, and ¢2, is the incident RF phase angle. Similarly,
the emergent wave variable from the nth port can be
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defined as
b?=®, Mcos(wyt+¢3,)

(2)
where @, is the emergent average optical power and ¢,
is the emergent RF phase angle. Transforming (1) and (2)
to phasors with cos w,,t as the reference and following the
definition of electrical scattering parameters [10], we ob-
tain the reflection scattering parameter at the nth fiber-
optic port:

o b _ P —J($n—4n)
Snn a:: @an e * (3)
The magnitude of S7?, yields the reflection coefficient,
r,=,,/®,, from which the optical return loss is ob-
tained as 10log|I' )| Reflection RF phase is obtained di-
rectly from (3) as ¢2, = ¢3, — ¢2,..
By introducing a second set of wave variables similar in
form to (1) and (2), corresponding to the mth fiber-optic
port, we obtain the forward transmission scattering param-

eter:

br(l) (I)bn ol o
:m= — = T Bon— Bam) (4)
m am
The magnitude of S?2 is the transmission coefficient,

T,=®,,/9,,, from which the insertion loss of the optical
path from port m to port n is obtained as 10log|7,|. The
RF insertion phase, ¢2,, = ¢}, — ¢, is obtained directly
from (4). By substituting m for n, and visa versa, (4)
becomes the reverse transmission scattering param-
eter, S, .

B. Optical Standing Wave Ratio

Discontinuities in the optical path give rise to reflections
of the optical carrier and subsequently the microwave
envelope. As a result, an optical intensity standing wave is
formed with microwave periodicity due to the superposi-
tion of the forward and reverse traveling microwave en-
velopes. The optical standing wave ratio, OSWR, is then
given as
1+ 5
1- |F ol ( )

which can be used as a figure of merit for optical compo-
nents used in microwave fiber-optic networks.

OSWR =

C. Measuring Sy, and S;.,, in Terms of Electrical
Wave Variables

Since the measured data obtained from the network
analyzer involve a comparison of electrical wave variables,
af and bZ, defined in [10], conversion relations between
the electrical and optical wave variables are required for a
meaningful interpretation of fiber-optic component perfor-
mance. The required conversion relations can be derived
from the interaction of electrical current and optical power
at the laser and the photodiode.

Direct modulation of a laser diode is a linear operation
provided that the laser bias current and RF modulation
index are adjusted in such a way that the peak-to-peak
excursion of the RF-modulated bias current is between the
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threshold current and the —1 dB compression point of the
laser [8]. Assuming these conditions are met, the linear
relation for the microwave envelope of the optical power,
a®, versus the microwave modulating current, af, that is

n*

produced by the network analyzer is given by

(6)

where 7 is the slope of the optical power versus electrical
current characteristic for the laser diode. Equation (6) is
not a valid expression over a modulation bandwidth be-
cause the modulation response, ®(frg)/i( fgg). I8 @ nON-
linear function of the modulating RF frequency, frpg [11].
However, the nonlinear response of the laser is removed
from the measured data during de-embedding.

Demodulation of the optically carried microwave by
a p-i-n photodiode obeys the following square-law rela-
tion [12]:

|atle ™ %n = n)aE|e /%

i=R(XN)|E? (7)

where i is the generated photocurrent, and R(A) is the
spectral responsivity, which reduces to R, for a single-mode
fiber network. R, is valid for RF-modulated optical sig-
nals since the modulating frequency is four to five orders
of magnitude lower than the frequency of the optical
carrier. Substitution of |b?|=®,,=|E|* and bF =1 in (7)
and accounting for the phase of the RF signal, we obtain a
linear relation between the optical power wave, b/, and the
photocurrent, bF, received by the network analyzer:

b~/ = Ry|b7le /%, (8)
Combining (6) and (8), we obtain
b, b, ¢ 4o
—| ‘ e_/(¢fn_¢fn) = R)\'n e_}'(¢bn"¢an) (9)

E
lay|

|az]

where the left side of (9) is SE and the right side is
R,nS?,. However, since electrical scattering parameters are
displayed by the network analyzer as power ratios and
since af and bF are microwave currents, both sides of (9)

must be squared, which produces the following equation:
S = (Ran)’|Sp,| e /%, (10)

Upon de-embedding, the coefficient (R,n)? will be re-
moved; therefore, we write the following conversion rela-
tion between SEZ and S2:

S = |8y, |%e % (11)
from which the electrical return loss displayed by the

network analyzer is related to the optical return loss of the
device under test (DUT) as

gl =T, (12)
When measurements are displayed on a log scale, (11) and
(12) become, respectively,

SE = 2|, e stm
Tl =2IT,|.

(13)
(14)

By substituting transmission wave variables for reflection
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Fig 3 (a) OTS transmission scattering parameter measurement config-

uration (h) OTS reflection scattering parameter measurement configu-
ration with frequency response tracking normalization path lengths
indicated relative to the measurement plane. Triangles indicate optical
matched loads used to suppress reflections during measurement.

wave variables in (9), the following conversion relations
are obtained for the forward transmission scattering pa-
rameter and insertion loss, for linear and log scales, respec-
tively:

S = 1S5l % 7 Fom (15)
Tl =T, (16)
S = 21Sle /% (17)
Tel = 2T, (18)

1II. OpticaL TEST SET OPERATION

The optical test set fabricated for this experiment fea-
tures an InGaAsP buried crescent laser diode which emits
near-infrared light at a wavelength of 1286.4 nm, corre-
sponding to an optical frequency of approximately 230.7
THz. In all calibration and device measurements, the laser
was biased at 40 mA and the RF modulation was 0.0 dBm.
corresponding to a 0.45 modulation index, The laser
impedance, approximately 3 €, is matched to 50 Q using a
47 Q discrete resistor. The photodiode is an InGaAsP p-i-n
device with a responsivity R, = 0.6 at the 1300 nm optical
wavelength. The photodiode is reverse-biased at —10 V, its
impedance is approximately 1500 £, and the device is
impedance matched to 50 ! using a shunt resistor. Both
the laser and the photodiode were purchased with step-
index single-mode fiber pigtails. The fiber core diameter is
8.7 pm, and the cladding diameter is 125 pm. The effective
refractive index of the fiber is 1.4642 and the fiber attenua-
tion is rated at 0.5 dB/km.

A. Measurement Configurations

The OTS is shown in the S?,, transmission measurement
configuration in Fig. 3(a). The network analyzer operates
in the S£ mode, providing microwave modulation, af, to
the laser from port 1 of the network analyzer’s electrical
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test set. The optically carried microwave, ay, propagates
from the laser and is incident upon the DUT. The optical
signal emergent from the DUT, b3, propagates to the
photodiode, where it i1s demodulated to an electric current,
bE, that returns to port 2 of the network analyzer. This
measurement configuration is used for forward and reverse
transmission scattering parameters; however, the DUT
must be oriented backwards when measuring S, .

The OTS is shown in the S?, reflection measurement
configuration in Fig. 3(b). The network analyzer operates
in the Sf mode, as it does for transmission scattering
parameter measurements with the reflected signal return-
ing to port 2 of the network analyzer, since the electro-optic
isolation of the laser prevents single port measurements of
S7.. As in the S¢  case, the microwave signal emerging
from port 1 of the network analyzer modulates the laser
diode, and the optically carried microwave propagates
through a —3 dB fiber-optic directional coupler to the
DUT. The reflected signal, which is measured with respect
to the reflection measurement plane, shown in Fig. 3(b), is
split by the —3 dB coupler, causing slightly less than half
of the reflected signal to reach the photodiode due to the
0.522 thru- and 0.478 cross-coupling coefficients and the
0.01% excess loss of the directional coupler used in our
optical test set.

B. Calibration and De-embedding

1) Transmission Calibration Using a Fiber-Optic Thru
Calibration Standard: Calibration of the network analyzer
for transmission measurements is accomplished using a
short length of fiber as a thru calibration standard inserted
in the §;,, configuration in place of the DUT. Calibration
data are recorded and since the network analyzer operates
in the S§ mode, the actual scattering parameter of the
DUT is de-embedded from the measured data automati-
cally according to the following relation:

= (19)

where S¢ is the nonlinear frequency response of the laser
with the photodiode, as described in subsection II-C.

2) Reflection Calibration Using Fiber-Optic Offset Shorts,
and Matched Load Calibration Standards: Since reflection
measurements are made with the network analyzer operat-
ing in the S£ mode, the network analyzer is not pro-
grammed for a reflection calibration and it will not de-
embed S? automatically. Instead, a separate reflection

MMy (Ay— A)) + MyMy( Ay — 4y) + MM (4, — 45)
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Fig. 4. Cross-sectional diagram of the two offset shorts and matched
load reflection calibration standards,

measurement is made for each of the three reflection
calibration standards, and the measured data are used to
de-embed the actual reflection scattering parameter using a
calculator or a computer.

The offset shorts and matched load reflection calibra-
tion standards are shown in Fig. 4. The optical matched
load consists of a single-mode fiber pigtail terminated in a
vial of refractive index matching gel. Several matched
loads were fabricated and they exhibited an average opti-
cal return loss of approximately — 50 dB. The offset shorts
were fabricated by terminating two cleaved fibers normal
to a mirror. The length of the fiber pigtail is arbitrary for
the first short, but the pigtail length of the offset short is
90° longer than the first, approximately 2.56 cm at 2.0
GHz. The round-trip path length offset is 180° at 2.0 GHz,
giving the offset short the appearance of an open circuit to
the microwave modulation. An additional 90° offset was
added to both shorts to simplify their fabrication.

De-embedding the actual reflection coefficient, S?,, from
the measured value, S, is accomplished by calculating
the error terms which are defined in terms of parameters
a, b, and ¢ [13]:

EyEg=a—bc frequency response tracking error term
(20)

Eyp=Db directivity error term (21)
E =~-c¢ load match error term. (22)

The parameters a, b, and ¢ are calculated from the follow-
ing three equations [13], which contain A,, the calculated
complex reflection coefficients of the offset shorts and
matched load, and M,, the measured complex reflection
coefficients of the three standards:

T M, (A — A) + A, My (A — Ay) + Ay My( Ay — Ay) (23a)

_ M1M2A3(A1“ Az) + M2M3A1( Ay~ As) + M3M1A2( A3~ Al) (23b)
AlMl(A3 - Az) + AzMz( Ay - A3) + A3M3( Ay~ A1)

A (My = My) + Ay (M — My) + A;(M, — M) (23¢)

c= .
AlMl( A3 - Az) + A2M2(A1_ A3) + AaMz( Az - A1)
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TABLE 1
CALCULATED REFLECTION COLFFICIENTS ( 4,) VERSUS MLASURED ( M,) 1OR THL
FIBER-OPTIC OFFSET SHORTS AND MATCHED LOAD REFLECTION CALIBRATION
STANDARDS: DE-EMBEDDED M, VERSUS IDEAL SHORT, OPEN, AND LOAD

cal. A \ M Ideal
Std. B n}easured de-embedded
SHORT | =0.9374 - 30.0327 -0.0194 - j0.0436 -0.9513 + jO -1+ 30
OFFSET 0.8502 + 30.0148 0.014 + j0.0380  0.8108 + jO.0425 | 1 + 30
LOAD 1076 + 40.0320 ! (noise floor) — 0+ 30

Data obtained for M, by measurement and A4, by calcula-
tion are shown in Table I for comparison with the case of
an ideal short, open, load. The measured M, are the
electrical values displayed by the network analyzer. M,
were measured using the OTS configured for S;,. yet the
measurements are relative only to an S, thru calibration
of the laser and photodiode. Therefore, the M, include
insertion loss and path length of the directional coupler
and the connecting splices. whereas A, do not include
these factors. In subsection C, we will show that, after
de-embedding, the M, are in very close agreement with the
calculated A, and the ideal values for the short, open, and
load. The de-embedded values for M, are shown in the
third column of Table I. Several sets of offset shorts and
matched loads were fabricated and tested. The data listed
in Table I were selected from one such set and are typical
for these components at the single frequency point,
2.0 GHz.

Equations (23a)—(23c) are computed, and the resulting
values of EyFE Eq. and Ej, are substituted into the
following de-embedding relation for each measurement
frequency [13]:

SnEn - Eoo
= F : (24)
Ey Epp+ En(SE - Eoo)

The magnitudes of A4, were calculated using

(25)

Pr
|| = P

I

where P, is the optical power incident upon the calibration
standard, measured using an optical power meter at the
reflection measurement reference plane prior to connecting
the calibration standard. P, is the reflected power, which is
obtained by subtracting the path losses of the S, path
through the directional coupler from the output power
measured at port 4 of the directional coupler. The phases
of A, were determined by measuring the pigtail fiber of
each calibration standard using the OTS in the S, config-
uration in which each pigtail was, in turn, the DUT. The
magnitudes of the offset shorts are fairly high. The phase
difference between the short and offset short is 181° at 2.0
GHz for the round-trip of the incident and reflected waves.
The phase difference between the short and load is 1° at
2.0 GHz. Ideally these values should be 180° and 0°,
respectively, since the offset short is A /4 longer than the

short and the load is in the same plane as the short.
Finally, the following de-embedding relation is obtained
for our OTS at the measurement frequency of 2.0 GHz
when the computed error terms are substituted into (24):

Sin
S0 = .
" (0.0185+ j0.0457) + (—0.0343 + j0.0384) S
(26)

3) Frequency Response Tracking Normalization Tech-
nique: In most of the reflection measurements made using
the OTS, the magnitudes of the reflection coefficients were
—20 dB or less, indicating good refractive index match. In
(24), the directivity error term, Ey;, was below the system
noise floor, due to the 50 dB directivity of the directional
coupler. Since E, is negligible, a frequency normalization
can be used to de-embed reflection coefficient data when
E,, in (24) is small so that

EnS), < EqEy. (27)
Given this condition, the de-embedding relation in (24)
simplifies to the following approximation:

SA = Son (28)
M EOIEIO

where the measured data are normalized by the frequency
response tracking error term, EyE,,, to obtain the actual
reflection scattering parameter of the DUT. Further, one
does not need to compute the parameters a, b, and ¢
obtained using the offset shorts and matched load. Instead,
the forward S;; path and the reflection S,; path of the
directional coupler, shown in Fig. 3(b), are inserted, in
turn, into the OTS configured for S, measurements. In
this way, the frequency response of the forward and re-
flected paths through the directional coupler is measured
and de-embedded automatically by the S7, calibration.
Provided the lengths of the forward and reflected paths do
not change, the Ey E,, error term must be measured only
once. For our OTS at 2.0 GHz, we obtained the following
frequency normalization de-embedding relations for the
magnitude, in optical power dB, and phase, in degrees:

152, = (1/2)(1SE|+13.0 dB) (29)

Bn = P —66° (30)
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TABLE 11
OPTICAL TEST SET PERFORMANCE AT 2.0 GHZ WHEN USED WITH AN HP8510B NLTWORK
ANALYZER: §7, DATA ARE FOR OFFSET SHORTS/L0OAD CALIBRATION

Magnitude Phase
Dynamic Range  Uncertainty Resolution Uncertainty Resolution
S 47.4 AB + 6{5 d}; 0.001 4B £ 1° + 0.001°
sng 9.9 dB + 0.15 dB 0.001 ar + 2° + 0.001°

C. Repeatability of Reflection Calibration Standards

The accuracy of the OTS is dependent upon connection
~ repeatability, calibration repeatability, and the accuracy of
the error correction terms. In this subsection, we will
address these issues, beginning with connector repeatabil-
ity. Elastomeric splices were used in all fiber-to-fiber con-
nections. When new, the splices exhibited a 0.2 dB optical
insertion loss, but after repeated usage the splice loss
became random. The mean insertion loss was 0.36 dB with
a 0.15 standard deviation, measured over 60 trials. Thus,
during extended use of the OTS, measurement uncertainty
due to splice repeatability is +0.15 dB optically, or +0.30
dB electrically. In all cases, the splices exhibited zero RF
insertion phase.

Repeatability of the reflection calibration standards was
determined from the M, calibration data taken during
several S? measurement sessions using the same offset
shorts and matched load. For both the short and offset
short, the magnitude of the optical reflection coefficient
ranged between 0.835 and 0.941; however, the reflected
RF phases remained constant over the same experimenta-
tion period. The magnitude and phase of the matched load
were below the OTS noise floor.

The accuracy of the error terms is critical in the offset
shorts /load technique. To determine this accuracy limit
we de-embedded the measured M, data using the fre-
quency response tracking normalization technique and
compared the results to the calculated A4, values listed in
Table I. We recognize that this is not an exact comparison
since the de-embedded M, data are subject to any errors
associated with the normalization technique; however, both
reflection calibration techniques produced very similar re-
sults in all cases where the reflection coefficient data were
above the noise floor. For instance, in the case of a cleaved
fiber we obtained S7,=—14.44 dB«3° using the offset
shorts /load calibration, whereas the normalization pro-
duced S? = —14.65 dB2°.

As a further means of comparing the two reflection
calibration techniques, we obtained E,jEj, = —13.073
dB«68° using the offset shorts/load technique. This is in
very close agreement with the measured average obtained
from the normalization technique, —13.0 dB£66°, given
by (30) and (31). Therefore, the de-embedded M, data
listed in Table I are probably very close to the actual
scattering parameters of the calibration standards. Upon
converting the 4, and de-embedded M, to magnitude in
dB, and phase in degrees, the de-embedded M, differed
from A, by less than 0.2 dB and 2° at 2.0 GHz. Therefore,

we are confident that the error term values in (26) are
accurate to this extent.

D. Resolution, Dynamic Range, and
Measurement Uncertainty

The dynamic range, measurement uncertainty, and reso-
lution of our optical test set are summarized in Table IT for
measurements made at 2.0 GHz made using the OTS with
an HP8510B network analyzer. The resolution of the OTS
is due entirely to the network analyzer. The dynamic range
was determined for S7, measurements by calibrating the
network analyzer using the fiber-optic thru calibration
standard. The network analyzer was then disconnected
from the OTS and the electrical noise floor measured
—106.570 dB from the calibrated value at 2.0 GHz. The
photodiode was then connected to port 2 of the network
analyzer’s electrical test set., and the noise floor rose to
—94.777 dB. Due to square-law detection, the S, dy-
namic range of the OTS in dB of optical power is then
approximately —47.4 dB, relative to a 0 dB reference. The
dynamic range of S, measurements is found by substitut-
ing the $£ dynamic range for |S£| into (29), which yields
a §2, dynamic range of —40.9 dB, relative to 0 dB.

The magnitude uncertainty of S7, measurements was
determined using attenuators which ranged from —3 to
—48 dB as DUT’s in the OTS. The S, magnitude mea-
surements were accurate to within +0.15 dB optical power
due to the splice loss uncertainty. The phase uncertainty of
S? ., measurements was limited to +1°, which was deter-
mined by measuring segments of fiber up to 20 RF wave-
lengths using a millimeter scale and comparing the calcu-
lated electrical length of the fiber to the data measured
using the OTS.

For S§?, measurements, the magnitude uncertainty was
determined using a single known reference since nearly all
of the fiber-optic components measured had return losses
below the —40.9 dB optical power noise floor of the OTS.
As a reference, we calculated the return loss of a cleaved
step-index single-mode fiber terminated in air, and then
measured its reflection coefficient magnitude using the
OTS. Using the effective refractive index of the fiber,
N4 =1.4642, the theoretical reflectivity of the cleaved fiber
in air is 3.5%, corresponding to a return loss of —14.56 dB.
The measured return loss was de-embedded using (26) and
we obtained |I')|=—14.44 dB and ¢, =3° at 2.0 GHz
The de-embedded phase data are correct to within 2° and
the magnitude differed from the calculated value by
0.12 dB.
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IV. MEASURED COMPONENTS
A. Fused Biconical Taper Directional Coupler

Several single-mode fused biconical taper directional
couplers were measured using the OTS. The thru- and
cross-coupling coefficients ranged from 0.45 to 0.55, with
excess losses ranging from 0.01 dB to 0.47 dB. One device
in particular was chosen for this discussion because it
featured thru- and cross-coupling coefficients of 0.5, with
an excess loss of 0.164 dB. The coupling symmetry of this
device is useful because at 2.0 GHz the measured scatter-
ing matrix below reveals reciprocity upon inspection:

0 0.495¢/3  0.473¢/7 0
_| 0.490¢72%° 0 0 0.495¢/2%°
0.468¢/7° 0 0 0.467¢/%%°

0 0.490e/>Y  0.467¢/% 0

(31)

The manufacturer specified the directivity of this coupler
at —50 dB, as evident by the off-diagonal zeros in the
matrix, which indicate data measured at or below the
—47.4 dB noise floor of S? measurements. Since the
coupler exhibits directivity, this four-port is by definition
[10] a sum-and-difference hybrid coupler, with respect to
the optical wavelength. It is clear from the matrix above,
however, that the directional coupler is simply a power
divider with respect to the microwave envelope. The zeros
along the main diagonal in the matrix indicate return
losses higher than the —40.9 dB S?, noise floor of the
optical test set.

B. Electromechanical Switch

The scattering matrix given below was obtained from
S-parameter measurements at 2.0 GHz of a 1X2 single-
mode fiber-optic switch that is controlled by TTL logic
voltages:

0.01e/  0.310e/170° 0
S=10.302e1° (0l 0 (32)
0 0 0.01e/%°

The switch is reciprocal and the manufacturer’s specifica-
tions list a 60 dB optical isolation between output ports.
As evident by the S matrix, the switch exhibits a 0.01 dB
optical reflection coefficient at each port, resulting in an
OSWR =1.020. The reflection phases measured very close
to 0°, as expected, since the pigtail fibers at each port were
trimmed to an integer number of RF wavelengths at 2.0
GHz. The given S matrix was measured for the +5 V
biased output state. Values comparable to the Sg and Sg,
transmission coefficients were measured for S§; and S,
and with zeros at S5, and S7,, for the S matrix of the 0 V
output state. Values measured at the OTS noise floor are
again represented by zeros, corresponding to the high
isolation between output ports.

C. Switched True Time Delay Network

The fiber-optic network illustrated in Fig. 5 represents a
fundamental building block in true time delay beam-for-
ming networks for array antennas. The network generates

STATE |

IN ]
—_— |
o 1 2
SWITCH DIRECTIONAL
STATE 2 COUPLER
Fig. 5. Schematic of a true time delay network comprised of a 1x2

switch, time delay fibers, a —3 dB directional coupler, and a matched
load at port 3 of the coupler Circular nodes indicate elastomeric
sphces

true time delays 7; or 7, upon application of TTL logic
states to the electromechanical switch. Using the scattering
matrices of the switch and directional coupler described
previously, the multiport connection method [13] is applied
in calculating the S matrix of the network. For simplicity,
the splice S matrices are not used in the calculation;
rather, the resulting optical S parameters of the network
are multiplied by 10log|S$| of each splice in each trans-
mission path. From the multiport connection method we
obtain

7 S0 0o 0 o spo0

b, _

b 0 S5 0|0 o0 o0 Si Zﬂ
6

b, 0 Sl o0 0 S3 || a,

byl=|0 0 0S4 o0 0 || a,

b a

ba 0 SE SsEl o SsE o o aj

. S# 0 00 0 Ssi 0 ||as

-4 o sg osEl o o0 o sif

(33)

as the representative matrix which relates the internal and
external ports of the network for components A4 (switch)
and B (directional coupler). Also, for simplicity, the path
lengths /; and /, of the delay lines are accounted for as
eBUroh and e BUrDL respectively. These are added to the
appropriate coefficients of the resulting S matrix, which is
given for time delay 7, as

0.1414¢ /142
0.0025¢/15°

0.0023¢ /170°
(34)

0.1485¢/*°
0.0024¢/13%°
0.0025¢ 17

0.01
S1=1 0.1479¢/1°°
0.1413e7/14%°

Converting to a (dB, degrees) format and neglecting coeffi-
cients below —25 dB of optical power, we obtain *

~-200 —8.0.14° 0
S1=| —8.3, 10° 0 0 (35)
0 0 0

which compares very well with the following measured S
matrix of this network, also shown in the (dB, deg) format:

-200  —8.1,12° 0
S;=| —8.2,11° 0 0] (36)
0 0 0
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The network is reciprocal to within 0.1 dB and 1° at 2.0
GHz, and true time delay behavior is verified. The multi-
‘port connection method involves multiplication of mea-
sured scattering matrices; therefore, the accuracy of this
technique is dependent upon the number of components in
the network and the accuracy of the measured data. Qur
purpose for including this method is to demonstrate that
scattering matrices of fiber networks can be obtained to
within a reasonable error margin during the design stage
provided that the components used in the network are
characterized by measured scattering matrices.

V. CONCLUSION

In this paper we have introduced an optical test set that
can.be used with any vector network analyzer for the
purpose of measuring complex-valued scattering parame-
ters of fiber-optic components. This optical test set fea-
tures a unique set of fiber-optic reflection calibration stan-
dards which include two offset shorts and a matched load.
The microwave performance of these calibration standards
closely resembles that of an ideal short, open, and load,
and the repeatability of these standards is fairly high. The
measured scattering parameters of the standards were in
very close agreement with the corresponding calculated
values. The error terms were calculated and a de-embed-
ding relation was given for reflection scattering parameter
measurements.

An alternate reflection de-embedding method was given
that simplifies reflection calibration through the use of a
frequency normalization. In this method, the frequency
response tracking error term is measured from the optical
test set’s directional coupler, and the resulting de-
embedded data were found to be in very close agreement
with values obtained using the offset shorts and matched
load calibration. ‘

A fiber-optic thru calibration standard is used for trans-
mission scattering parameter calibration and de-embed-
ding is performed automatically by the network analyzer.
The measurement uncertainty of the optical test set was
determined for transmission and reflection measurements,
based on connection repeatability, accuracy of reflection
error correction terms, and measured data from known
attenuators and cleaved fiber. From these results we found
the magnitude uncertainty to be 40.15 dB in optical
power, +1° phase uncertainty for transmission, and +2°
phase ‘uncertainty for reflection. The dynamic range was
47.4 dB for transmission and 40.9 dB for reflection, again
in dB of optical power. The resolution of the test set was
limited to that of the network analyzer.

In addition to the optical test set, definitions were given
for microwave scattering parameters of fiber-optic compo-
nents in terms of optical power wave variables and the
electrical power ratios displayed by the network analyzer.
OSWR was defined in terms of the RF-modulated trans-
mitted and reflected waves, and measured S-matrices were
shown for a fiber-optic directional coupler, a 1 X2 switch,
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and a true time delay network composed of these compo-
nents.
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