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Abstract—Frequency conversion in fiber-optic systems like
subcarrier multiplexed (SCM) systems is now to be used in many
applications for both digital and analog signals. The perfor-
mance of two different optoelectronic configurations, both used -\[V\-) VAVA™S —
for frequency conversion in the microwave frequency range,
are compared here. In the first case, mixing is achieved by a

Mach-Zehnder (MZ) interferometer, while in the second case, DEFB LD m‘e‘ferome‘er
photodiode mixing is presented. Experimental investigations are
presented at the optical wavelength of 1.3:m. In both cases, MZ
promising results have been achieved. Modulator
Index Terms—Fiber-optic links, frequency modulation, gener- @ PD bias
ation of optical mixing, interferometers, photodiode mixing. S%-\/V\’ ¢
Single-
DFB LD mode PD
|. INTRODUCTION fiber

ECENTLY, fiber-optic links have been investigated by

several authors for the transmission and distribution of
microwave and millimeter-wave signals. For further signal fio —p frotfir
processing, frequency conversion is necessary in several ap-
plications, e.g., in wireless distribution of optically recelve@iIg 1. Optical systems used for microwave-optical mixing.
signals [1]. Efficient mixing methods are required for this
purpose to simplify the complexity of the system.

The traditional solution employs electronic mixers for théro corresponding to the LO signal) arfd (in this case frr),
frequency conversion of detected optical signals which af@lowed by an unbalanced MZ (UMZ) and a photodetector
modulated by RF signals. However, by adding or benefiting §7D) [2]. The system is shown in the upper portion of Fig. 1.
the nonlinearities in the optical link, the frequency conversion The basic principle is the nonlinear (sinusoidal) intensity
can be finished eliminating electronic mixers. Two alternatii@sponse of the UMZ interferometer/PD combination as a
methods for conversion are presented and compared in tigction of the frequency of the optical field [3]. Direct
paper. modulation generates FM, which is then converted to AM

using the UMZ interferometer working in the coherent regime.
Il. MIXING WiITH UMZ/PD The _PD detects 'ghe qptical intensity Whi(?h. is a qua_dratic
function of the optical field, so frequency mixing is obtained.
The originality of our solution is the use of a passive optical
device inserted in the optical link which generates mixing

In the first case, the optical system used for microwavgith better conversion than classical solutions using active
mixing is a distributed feedback (DFB) laser diode (LDMz modulators.
directly modulated by two microwave frequencig§, (.9,  Considering a linear LD operating regime and neglecting
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the electric field in both arms of the interferometer. In the Loss [dB] €
coherent working regimé’(r) = 1 and in the incoherent 0 01 02 03 04 05
regime V(r) = 0. 5 ‘ . i ‘
As can be deduced from the equation, in the coherent 0 N
working regime, when the interferometer is balanced on a 5
bright or dark fringe, i.e., whencos(27vot) = £1 (condition -10 \ ]
1), the resulting intensity is generated at harmonics and -15 v
intermodulation products of even order (of the fomfy =m fo 20 1l
with n +m € 2%) and, in particular, at the mixing frequency -25 I
frr. Condition 1 is then the first condition to obtain the best -30 —

20 -18 -16 -14 -12 -10 -8 -6 -4

mixing at frequencyfir. P [dBm]
LO m

To be optimized, the output spectrum of the optical intensity
must exhibit the maximum power of the mixing frequencyig. 2. Variations of the conversion witPrr = —25 dBm and for
and the minimum power of the input frequencies. This secofgtimized frequencies as a function 6f¢, ande.
condition (condition 2) is fulfilled when

FSR Power [dBm]
and f.1f,
, . FSR ) ) 50 N i N
= @K+ D25, (k) e N /YN
where FSR = 1/7 = ¢/(n.gAL). Therefore, fo — f; must 60 7
be as close as possible to a multiple of the free spectral range / \ /
(FSR). For given input microwave frequencies, thé must -70
be chosen to match these two conditions. fo L
The response at the PD output is p_eI’IOdIC with the !nput 80 7N\ YN 7\
frequencies, which means that the device does not optimally /
work for all frequencies but for particular frequencies in
any frequency range. Within a period, the 3-dB bandwidth 90
approximates FSR/2. However, in some applications, it is
advantageous since the UMZ acts as a microwave filter too. -100
10.5 11 11.5 12
B. Simulation Results Frequency fry [GHz]

By Fourier transform, we can calculate the power of thgg. 3. Power of the frequency components after detection fyjgh = 10.5
different frequency components in the PD current in th@Hz, PLo = —8 dBm, Prp = —25 dBm.
general case with AM, as a function of different parameters.

We have simulated an LD with linewidth enhancement facttransmissions = (AL — ALgp)/A is also shown. When
o = 5, threshold currentl;;, = 15 mA, and biased at £ = 0.25, the interferometer works in the linear regime, which
Iy = 22 mA. The optical power coupled in the interferometeis the worst case for mixing. Whea = 0.5, it works at

is assumed to be 1 mWAL is calculated so that thHESR =1 minimum transmission and mixing is optimal like at maximum
GHz. transmission.

The conversion loss has been defined independently fronfig. 3 exhibits the simulations of the power of the different
the electrical-optical (E/O) and optical—electrical (O/E) corfrequency components at the PD output as a functioyfiref
versions inherent in an optical link. It is then the differencearying in a band larger than FSR, with the optinfab = —8
between the power of the IF component with the configurati@Bm and fr.o = 10.5 GHz. It is confirmed that the maximum
including the UMZ in the optical link, and the power atpower of fir is obtained atfgr = 11.5 GHz. For this
frequency frr detected by the PD without inserting thdrequency, the fundamentafgr and fLo are rejected. More
UMZ. generally, it can be noticed that the mixing frequency can be

This loss has been calculated as a functio®g$, with two the sum or the difference of the input frequencies and that
optimized frequenciesf( = 10.5 and f> = 11.5 GHz). It was these two cases exhibit quite the same power.
also assumed that the interferometer worked in the coherentn conclusion, simulations confirm the possibility of realiz-
regime and at maximum transmissioAf is, in this case, ing the mixing function with an UMZ operating at maximum
equal toALgy). The results are plotted in Fig. 2. As can b@r minimum of transmission. We emphasize that the mixing is
easily shown in the simplified case with AM neglected, theot a consequence of the LD nonlinearities. Conversion gain
calculations exhibit in this case an optinidly for which the can even be obtained instead of conversion loss if the LD has
conversion is maximal and is even a gain. The variation ah important linewidth enhancement facter > 3.5), which
the conversion loss versus the deviation from the maximumeans a high FM efficiency.
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lll. MIXING BY PHOTODIODES Pper, P [dBm]
-20

A. Photodiode Characterization

In the single PD mixing experiment we used PD94CP-4 I~ b ®
S12 chips, manufactured by Opto Speed. These high-speed —e— detection / k!

p-i-n photodiodes have a waveguide structure similar to that —— mixing
presented in [4]. The active area of the PD isx{ 66 pm?. 0 /

The tapered coplanar transmission line enlarges the metallized
contacts to a pitch distance of 15@m, allowing coplanar Y
probe measurements. Impulse response measurements wére —
performed by the manufacturer. Rise and fall times shorter
than 18 ps were obtained, corresponding to a bandwidth greatgy
than 40 GHz. -5 4 3 2 -1 0 1

We characterized the PD chips by frequency-domain mea- Ve [V]
surements up to 20 GHz using an HP 85108 Vector NetWOHﬁg. 4. \oltage dependence of the detected power and of the upper-sideband
Analyzer extended by an HP 83420A LightWave Test Setixing product.
(LWTS). The LWTS includes a DFB laser emitting at=

1.3 pm and a MZ mterferometgr modulator. .contribution of the modulator part. However, the most efficient
First, the detection properties of the PD have been 'Hi(ifdng is obtained at a bias close igp = +0.3 V, having

vestigated by coaxial measurements of PD chips bond . :
onto connectors. Then the responsivity (O/E conversion) Végharp optimum. The bias dependence of the upconverted
i

: . nal for a metal-semiconductor-metal PD (MSM-PD) was
tested by air-coplanar microwave probe measurements.

ity is f d bias d dent. In th estigated in [7] where the optimal bias has not presented
rc?)igizzsrgtlignlsthggu?sncg ?(:Il-offlazueeegntheen i.n dnuctaenzga)o(%Ch a sharp optimum. Conversion loss of the electro-optical
the bonding wires [5]. The bandwidth obtained by prob ixing process is defined as the ratio of the powerfat

! ing the PD in its linear regime as a PD) and of the
measurements was higher than the 20-GHz frequency b nd ol levels atfLo + fir frequencies upconverted by the PD
of our experimental setup.

nonlinearity [8]. VaryingPLo, even conversion gain may be

obtained.
B. Principle of Optical-Microwave Mixing

The optoelectronic system explored for optical-microwave IV.  EXPERIMENTAL RESULTS FORMIXING

mixing is shown below the UMZ/PD system in Fig. 1. The ) )
mixing was analyzed based on the dc characteristics at dif- EXPerimental Results with UMZ/PD
ferent optical intensities illuminating the device. To achieve Measurements have been made with a DFB LD emitting at
good detection, the PD is used in its linear regime where the= 1.3 um, having an/;;, = 13 mA and a maximal oscillation
applied reverse bias is usually several volts [5]. However, eviequency of 2.5 GHz. The dc-bias current was 22 mA and the
in this regime a noticeable nonlinearity is present at higheptical power coupled in the interferometer was 420.
light injection levels [6]. Reflections at the fiber pigtail facet generate optical feed-

Simultaneously injecting a microwave signal at the electrichbck in the LD, and thus decrease its coherence length. To
port of the PD and a modulated optical signal results ioperate in the coherent regime as wanted, the UMZ was
the mixing of the two signals. The optimal bias points forealized using only two connectorizeeéB-dB fiber directional
efficient mixing and for efficient detection are significanthcouplers. In this case)dl. = 1.6 cm, which corresponds to
different (Fig. 4). The mixing process is explained as a resliSR = 13 GHz.
of the nonlinearity of the PD current—voltage relationship. The LO frequency wagLo = 1.9 GHz, with a power of
Due to the fact that the characteristics exhibit the maximum4 dBm. The other modulation frequencyzr was swept
nonlinearity in the vicinity of 0 V, it is the optimal operationfrom 2 up to 2.5 GHz and had a power ofl8 dBm. Fig. 5
point for efficient mixing [5], [7]. Nonlinearity of the PD shows the power spectrum of the intensity detected by the
generates several mixing products of the microwave drivirRD and measured by a spectrum analyzer. In Fig. 5, the lower
signal fLo and of the photo-induced signdjr. By injecting sideband of the mixing producfro— frr, as well as the third-
an LO signal fLo > fir, the detected optical signal isorder intermodulation product, was significantly increased by
upconverted. inserting the UMZ. However, the input frequencigs, and

Fig. 4 represents the voltage dependence of the detecti- are not rejected. In fact, to obtain an optimal rejection of
and of the mixing products afr.o + fir. In this experiment, the fundamentals, condition 1 should first be fulfilled, which
fro = 3 GHz was used and the light was intensity modulatedas not the case under the conditions of operation. The relative
by fir = 150 MHz. Optimal detection is achieved by highoptical phase shift between the two arms is very sensitive to
reverse bias and a plateau is observed at bias pbifts< 0. ambient variations, and during the experiments the operating
In the absence of electrical excitation, the power of the secoredjime continuously varies between minimum and maximum
harmonic was considerably small, taken into account also tttensmission including the quadrature. Secondly, the clgser
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Fig. 5. Power spectra of detected signals with and without UMZ. f [GHz]

Fig. 7. Upconverted signal by PD mixing;,o = 8 GHz, P,o = 0, —20

Pro, Prix [dBm] dBm, fog = 45, --,850 MHz.

0
TABLE |
-10 / & COMPARISON OF THE TWo METHODS
-20 A COMPARISON OF UMZ / PD MIXING PD MIXING
v THE TWO MIXING
] METHODS
-30 /‘-/ P principle of use of a passive optical nonlinearities of the PD
‘/‘ | —% operation device (UMZ)
40 X L possible - downconversion of RF - wireless distribution of
) " L applications signals optically received
/-‘/ / / for optical transmission signals (upconversion),
50 x y/'/ . (e.q. received in wireless | - SCM systems
/l/ / / systems), (reception side),
¢ - SCM systems (emission - signal analysis
60 / 2 side) (downconversion)
A P greflected @ f, o frequency periodic flat response
/ / dependence (period is a function of AL) (if there is no mismatch)
-70 * Pricmax @fio+fie bandwidth limited by LD and PD bandwidth of PD and its
Y * Poiovin @f otfip limitations bandwidths and not by the external circuit (circulator
umz or coupler)
-80 ® Puixvax @2fotir conversion gain/loss ~_gain is theoretically available
| ] ® P @260+ conversign loss vs. | curve with optimum curve with saturation
-90 1a —————— —
_ R . ; rejection of the complete rejection if mixing | only by external filtering
30 25 20 15 19 -5 0 fund tals is optimal (Fig.3)
PLo injected at fio=3 GHz [dBm] generatio_n of yes su_bharmonically pumped
harmonics mixing

Fig. 6. Levels of first and second harmonic mixing as a functioPgf .,

m = 25% (MIN), and m = 75% (MAX).

is shown as well. A slight saturation effect is observed at
P close to 0 dBm and a proportional increase of the mixing
products is shown for greater optical modulation depth (OMD).
Results of Fig. 6 demonstrate the interest of exploring the
generation of second or higher harmonics for mixing purposes.
It can find applications in systems where the LO signal is
B. Experimental Results with PD received from a remote site. Using subharmonically pumped

Investigating the frequency conversion, a PD bonded orfigXing, only the subharmonic of the LO signal has to be
a connector by parallel gold wires was illuminated by th&ansmitted.
DFB LD via a monomode fiber. The LO signal was fed to Different LO frequencies have been applied in the passband
the PD through a wide-band circulator or a directional coupléf the circulator [5]. Double-sideband (DSB) upconversion is
separating the LO input and the RF output. No amplifier wagesented in Fig. 7. The frequency of IM was swept from 45
used to avoid additional nonlinearities. to 850 MHz andf.o was 8 GHz. The decay in the first-
Fig. 6 shows the first and second harmonic mixingfaf order mixing products with increasing modulation frequency
and fro frequencies as a function of the injected LO powes rather small. Modulating the optical signal by higher fre-
measured by a spectrum analyzer. The LO frequency weisencies, the response was quite flat up to 1.5 GHz. The
fLo = 3 GHz while the optical intensity was modulated byapplied bias was optimized for mixing. The influencef,
Jfir = 150 MHz. The driving LO signal reflected at the PDis demonstrated at two modulation depths:= 25% (MIN)

would be tol"'SR /2 = 6.5 GHz, the larger the rejection would
be, and heref; = fro = 1.9 GHz (limitation due to the
LD).
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