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All-Optical Networks as Microwave
and Millimeter-Wave Circuits

Smail Tedjini, Senior Member, IEEE, Anh Ho-Quoc, and Diaa A. M. Khalil

Abstract—In this work we study the use of optical fiber net-
works to perform microwave processing functions. Theoretical
and experimental results are presented in the case of a Mach-
Zehnder interferometer network, a Fabry-Perot network, and
a combination of the two previous networks. All of these net-
works are realized with single-mode fiber elements. The use of
optical scattering parameters and the graphical representation
technique was introduced in our model, which greatly simplified
the analysis. A good agreement between modeling and experiment
as well as good performances from the microwave point of view
are observed.

I. INTRODUCTION

HE MERGING of microwaves/millimeter-waves and op-
tics is now a topic of great interest, which opens the
door to a new family of optical-based microwave devices and
circuits with exciting characteristics. One of the applications of
such a topic is the long-distance transmission of both analogue
and digital microwave signals by superimposing these on
an optical carrier. However, the technological advances in
electrical-to-optical (modulation) and optical-to-electrical (de-
tection) conversions today allows one to consider not only the
simple optical transmission of microwave signals, but also the
optical processing of these signals. Thus, instead of processing
the modulating signal before the optical modulation or after
its detection (i.e., in the electrical domain), this processing
could be made in the optical domain after the modulation.
This optical processing is much more interesting at higher
modulating frequencies where the wideband processing of
microwaves/millimeterwaves is quite difficult. It will be es-
sentially limited by the modulation and detection frequency
responses. Nowadays, the direct modulation of the laser diode
may be up to 20 GHz (40 GHz for some special structures)
and with external modulation it might be 40 GHz while the
available detection devices are in the 60 GHz range. For such
a processing, the simple optical cable needed for the optical
transmission will be replaced by an optical network. Such a
technique has already been used to design true time delay-
line both in multimode fibers [1] and single-mode fibers [2],
[4]. By exploiting the interference effects of the microwave
envelopes and/or the optical carriers in a suitable arrangement
of some basic optical elements like waveguides, couplers, etc.,
a variety of desired microwave processing functions could be
achieved. Such a configuration used in itself as a “microwave
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Fig. . The two single-mode optical components usually used for optical
signal processing structures.

device” offers a perfect isolation between the input modulating
microwave signal and the output detected one.

The optical network built only with fiber elements offers
the advantage of very low propagation losses and dispersion.
However, when dealing with millimeter-wave signal process-
ing, integrated optical networks are of special interest for the
realization of short and precise length of the optical delay
lines. In this paper, we discuss the performances of short
optical networks based on optical fibers in order to design
and realize some passive microwave devices for analogue
applications. We begin by introducing the techniques used for
the theoretical analysis of such networks and then giving the
corresponding experimental results showing the validity of the
present models.

II. THEORETICAL ANALYSIS

As presented in the introduction, the microwave behavior is
mainly determined by the interference effects of the microwave
envelopes and the optical carriers inside the optical networks.
Thus a rigorous theoretical analysis must be able to describe
the input-output relationship of the modulated optical fields.
Such an analysis could be made in the time domain [7]
to take into account the noncoherent or the quasi-coherent
nature of the propagating light. The main difficulty of the time
domain analysis is its high degree of complexity when dealing
with large scale optical structures such as ladder networks.
The frequency domain analysis based on the optical S-matrix
concept is much more convenient for such a case, however
the spectral distribution of the optical source must be taken
into account in order to calculate the output optical power
reaching the photodetector [8].

To many points of view, optical networks can be considered
as an extension of traditional microwave circuits and it is
possible to extend the well-known S-parameters theory to the
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Fig. 2. The Recirculating Unbalanced Mach-Zehnder Interferometer and its corresponding graphical representation.

optical context [3]. However, some specific aspects should be
taken into account in optical networks such as the polarization
and the coherent properties of the optical signal. Actually,
for any single mode all-optical component, we can associate
an optical S-matrix that has the similar physical meaning
as the microwave S-matrix. This S-matrix is defined in the
frequency domain and then it assumes that the propagating
signal is a perfect coherent one. On the other hand, even with
a perfect coherent optical signal, the optical S-matrix will be
different from the microwave one because the single-mode
optical component admits in fact two guided modes referring
to the two classical polarizations of the optical signals. This
means that at each port of the optical component we have to
consider two incident signals and two reflected signals. Inside
the optical component it may exist a coupling or a power
transfer between the two modes or the two polarizations. This
may be taken into account by using the Jones calculus for the
description of the optical component/network.

The rigorous analysis is necessary when the delay times of
the elements is comparable with (or less than) the coherence
time of the optical signal used, i.e., when the light carrier
interferences can take effect. For the incoherent working
regime of the optical signal processing networks, it is well-
known that the microwave behavior is dependent only on
microwave envelope interference effects. In such a case, the
analysis can be greatly simplified and we can consider the
propagation of light intensities inside the network rather than
optical fields. The basic optical components such as optical
couplers and fibers can be considered as lumped elements char-
acterized by their intensity input-output relationships which
can be experimentally determined by some methods previously

proposed [10], [11]. Thus, the signal flow graph technique
[5] can be applied very conveniently to obtain the overall
microwave transfer function. The present analysis is based
on the assumption of an incoherent optical source. This
corresponds to our practical results where the use of a directly
modulated laser diode butt-coupied into a single-mode fiber
without optical isolator has destroyed the coherence of the
light.

The two basic optical components of interest in our study are
the single-mode optical coupler and the optical fiber as shown
Fig. 1. The intensity input-output relationship of a symmetric,
matched optical coupler is a 2 x 2 matrix given in (1) [3]

Is|  |1-x & I
Rl PN [

where -y characterizes the total loss and « is the intensity
coupling coefficient. The single-mode fiber can be considered
as lossless and dispersion free for a relatively short length
L. Thus the microwave envelope of the light intensity which
propagates through the fiber will suffer only a phase shift

Towt = Tine 27k 2

where 8 = wrrnes/c;negr 18 the effective optical index of
refraction and ¢ the light velocity. The physical structures
of the Recirculating Unbalanced Mach-Zehnder (RUMZ), the
Fabry-Perot Ring Resonator (FPRR) are given Figs. 2 and 3,
respectively. When the feedback fiber Lo of the RUMZ is
removed (see Fig. 2), the RUMZ becomes simply an Unbal-
anced Mach-Zehnder Interferometer (UMZ). We will present
in detail the theoretical analysis for the case of the RUMZ,
which is the most complex structure in our study. For the two
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Fig. 3. The Fabry-Perot Ring Resonator and its corresponding graphical representation.

other configurations, only the results will be given. The latter
are straightforward obtained using the procedure developped
for the RUMZ.

A. Analysis of the Recirculating Unbalanced Mach-Zehnder

In this analysis the couplers are assumed lossless, i.e. v =1
and the coupling coefficients are 1 and 2, respectively. The
corresponding graphical representation that characterizes the
structure is given Fig. 2. In order to get the overall microwave
frequency response H(wrr) we calculate the intensity rela-
tionship between the input and the output nodes i.e. between
the node (11) and the node (1). In our experiments, the optical
network under study is connected to the light source and the
photodetector through two external single-mode fibers. These
fiber lengths will affect the microwave frequency response
by an aditionnal phase shift. Therefore, we introduced an
external fiber of length L., which is the total length of the
two external fibers in order to take into account these fiber
connections.

To solve the above signal flow graph, the well-known
" Mason’s rules were applied [5]. These rules can be stated as
follows:

N
> P Ay,

k=1
Gij = A

where G;; is the total gain between the node ¢ and the node
j. Py, denotes the individual gain between the node ¢ and

(3)

the node j following the kth path. A is the graph determinant
which is evaluated by A = 1— (sum of all loop gains existing
in the graph) + (sum of all gains products of 2 nontouching -
loops) — (sum of all gains products of 3 nontouching loops)

R

Ay, is called cofactor of the kth path. It can be evaluated
by the same way as for A after the removing of all the loops
touching the kth path.

For the graph given Fig. 2, between the node (1) and the
node (11), there are two possible optical paths and two optical
loops '

Py =10)3)(7)(9)(11)

= "o (1 — 15)(1 — wp)e P11 )

Py = (1)(4)(8)(9)(11) = k1 ke IPLext g=iPL2 5)

L1 = (3)(7)(10)(2)(3) = kykge IPL1g=IPLo (©)
Ly = (4)(8)(10)(2)(4) = (1 — &1)(1 + kz)e 7P

. e—jﬁLz. )

Reporting (4)—(7) into the Mason’s rule (3), we easily get
the equation shown at the bottom of the page, where xy =
(1 — k1)(1 — ko) andé = Ki1k2.

The transfer function H(wrr) [(8), shown at the bottom
of the page] allows us to simulate the microwave frequency
response of the optical network. For an ideal 3-dB optical
coupler and a given set of parameters Loy = 1 m, AL =
40 cm, Ly = 2 m, the simulated results in the modulating
frequency range (0-2 GHz) are given Fig. 4.

Tu _ —jpr. xexP (=JBL{L ~ xexp[~j0(Lo + Lo)l} + exp (—5BL2){1 — Lexp [-jH(Lo + Lu)]}

®)

H(wRF) =

L 1 — xexp[—jB(Lo + L2)] — §exp [~jB(Lo + L1)]
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Fig. 4. The simulated microwave frequency response (dB optical) of the
Recirculating Unbalanced Mach-Zehnder in the modulating frequency range
(0-2 GHz).

B. The Unbalanced Mach-Zehnder and the
Fabry-Perot Ring Resonator

The Unbalanced Mach-Zehnder (UMZ) and the Fabry-Perot
Ring Resonator (FPRR) are two- structures usually used in
fiber-optic microwave signal processing applications [4], [6].
The graphical representation of the FPRR is given Fig. 3 and
that of the UMZ can be easily obtain from the graph Fig. 2 by
disconnecting the two nodes (2) and (10). Applying the same
technique described above, we get the microwave frequency
responses of these structures: For the UMZ

I
711}— :H(pr) = exXp (_jﬁLext){(l - Kl)(l - H2)
exp [—jB(L1 — La)] + k1k2} ®
and for the FPRR
I
Il H(WRF) = exp (—jﬂ[/ext)
K+ (1 —2k)exp (—jBL) (10)

. 1—rexp(~j6L)
- Thus the simulated results of the microwave frequency re-
sponse for these structures are also given Figs. 5 and 6(a) and
(b), respectively. The simulated phase response of the FPRR

is given Fig. 6(b) in order to compare with the measurement
- result [Fig. 9(b)].

III. EXPERIMENTAL SETUP

The schematic diagram of the setup used in the experiment
is shown in Fig. 7, where the HP 8510 vector network analyzer
is used for the generation of the microwave modulating signal
as well as its detection. A directly modulated DFB laser
diode butt-coupled to a single-mode fiber without an optical
isolator was used as the light source in our measurements.
The reflected light on the laser diode caused it to be mul-
timode and then" destroyed its coherence property. For the
detection, a lightwave test set with a high-speed detector and
a microwave preamplifier is used. The detection bandwidth of
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Fig..5. The simulated microwave frequency response (dB optical) of the

Unbalanced Mach-Zehnder interferometer in the modulating frequency range
(0-2 GHz).

the photodetector and the RF amplifier is 20 GHz, however
the measurements are performed only up to 3 GHz due to the
bandwidth limitation of the modulated laser diode. The effects
of the variations in the frequency response of the laser diode
and the photodetector are eliminated by making a direct thru
connection and using it for the calibration.

For the optical network construction we have used 3-dB
optical couplers, different lengths of optical fibers, and FC/PC
optical connectors. All the optical elements are single mode
at the operating wavelength of 1.3 pum. In each case we
assembled some previous elements to obtain the required
optical network. The following optical network configurations
are tested:

1) The Unbalanced Mach-Zehnder interferometer (UMZ)
where two 3-dB couplers are used as optical Y -junctions
and two fibers of different lengths L; and L- are used
as the interferometer arms. The characteristic pararmeter
of this network is the length difference between the two
arms L = Ly — L1 = 40 cm. .

2) The Fabry-Perot Ring Resonator (FPRR, Flg 3) that
uses one 3-dB coupler and a fiber of length L as a
loop between two ports of the optical coupler. The
characteristic parameter of the FPRR is the length L
of the loop. In our experiment L = 2 m. This element
simulates the Fabry-Perot interferometer usually used in
‘optics.

3) The Recirculating Unbalanced Mach-Zehnder (RUMZ,
Fig. 2.). This network has two characteristic lengths, one
corresponds to the UMZ, Lypyz = 40 cm and the other
corresponds the length of the RR, Lpr = 2 m.

In the previous networks, all the elements are single-mode

optical fibers and the two couplers have roughly the same
characteristics.

IV. EXPERIMENTAL RESULTS

For the optical fiber UMZ the difference length between
the two arms was 40 cm. The measured microwave transfer
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Fig. 6. The simulated microwave frequency response of the FPRR in the modulating frequenéy range (0.7-1.3 GHz). (a) Magnitude (in dB optical)

and (b) phase (in degree).
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Fig. 7. Experimental setup based on the use of a microwave vectorial

network analyzer. The modulated laser diode and the high-speed photodetector
are used as wideband E/O and O/E converters.

function (magnitude and phase) is given on Fig. 8. One
notices that this response corresponds to a notch filter. The
measured rejection ratio is better than 35 dB for the rejected
frequencies and may approach 50 dB for certain frequencies.
The first rejected frequency is around 252 MHz and the
distance between two rejected frequencies is 505 MHz. As
far as the phase response is considered, it shows a very
good linearity. The stability of the difference between rejected
frequencies as well as the phase linearity of the device are due
to the very low dispersion of the optical waveguide, i.e. the

optical fiber. Comparing these results to the simulated ones -

(Fig. 5) we can notice a very good agreement.

Now we consider the second network, the Fabry-Perot Ring
Resonator with L = 2 m. The measured transfer function
is given Fig. 9. The response corresponds to a ripple of the
amplitude with a depth around 9 dB and a frequency of
modulation of 105 MHz. The modulation depth depends only
on the coupling coefficient of the optical coupler and is twice
of this coefficient because 1 dB in optical domain is equivalent
to 2 dB in electrical domain. The frequency modulation seen
in this response depends on the length of the loop, which is 2
m and corresponds to a frequency of 105 MHz. If we compare
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Fig. 8. Measured transmission coefficient of the optical fiber UMZ (dB
electrical). This device can be used as a microwave rejection filter.

this measured magnitude to the simulated one [Fig. 6(a)], we
obtain a difference of 5 MHz on the modulation frequency.
This is due to the difficulty to obtain in practice exactly 2 m
for the ring resonator. The measured phase is given Fig. 9(b).
As predicted by the simulation [Fig. 6(b)] the phase response
is not linear at all and we have different regions with high or
low variations of the phase. ’

The third measured optical network is the RUMZ, which can
be considered as a combination of the UMZ and the FPRR
(Fig. 2). The two characteristic lengths of this network are
Lyymz = 40 cm and Lyg = 2 m, corresponding exactly to
the two previous networks. The measured transfer function is
given Fig. 10, which also agrees well with the corresponding
theoretical results presented above (Fig. 4). We obtain a reject-
ing filter in which the rejected frequencies depend on Lumz
modulated by the response of the FPRR where the modulation
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depth and frequency depends on the coupling coefficient and
the Lrg, respectively.

V. CONLUSION

In this paper we considered the optical networks in order to
perform microwave functions. We studied and realized geveral
all-optical networks that can be used as microwave devices.

The analysis of these devices uses the S-matrices and the -

graph techniques well-known in electrical circuit analysis. The
microwave frequency response of optical networks depends on
their geometrical topology and the lengths of the optical paths.
As a matter of fact, for the Unbalanced Mach-Zehnder it is
evident that the rejectéd frequencies can be easily controlled
if we change the path difference [6]. This gives a large domain

of application as the length difference can easily be varied from-

some centimeters to some ten’s of meters, Moreover, the same

concept can be used in the case of millimeter-waves where
an integrated optical device with a path difference less than
1 cm can be easily fabricated. An integrated UMZ on glass
substrate where the path difference was 6.6 mm and the first
rejected fréquency around 15 GHz has been demonstrated [71.
The same integration can be conducted for the other optical
networks in order to reach the millimeterwave ranges.
Finally, the same optical network can also be used to
perform “active” microwave functions. This can be done if

‘we use electrooptic substrates like LiNbO3, which allows the

realization of tunable microwave devices. On the other hand,
modulating the laser diode results in an optical frequency
modulation that can be transformed into intensity modulation
by the unbalanced interferometer. This enables to use this con-
figuration for the generation of microwave signals. Interesting
results concerning this application have already been obtained
using a volume unbalanced interferometer [9]. However, in
this case, the laser diode coherence is an important parameter.
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