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Abstract
Mixing of lightwaves and microwaves offers new

perspectives for the reception of subcarrier multiplexed
(SCM) optical signals, Berceli (1). The received signal can
be selected more easily and thus the receiver is significantly
simplified. The new mixing method applying high-speed
photodiodes presented in the paper is very promising
because of its rather flat mixing response up to very high
frequencies. Applying the new mixing process much higher
subcarrier frequencies can be received thus enhancing the
SCM optical transmission capacity of such a system.

Introduction
Presently, FET, HEMT and HBT devices are used for

optical-microwave mixing, Paolella et al. (2) Berceli et.al
(3), and Baranyi et al. (4). This method has a remarkable
drawback: the mixing product exhibits a strong frequency
dependence, it is decreased with increasing modulation
frequency of the optical signal. Due to this reason the
subcaffier frequency has a limitation around 800 MHz. Thus
the transmission capacity of an SCM optical link is limited

by the frequency response of the optical microwave mixing
process.
To overcome the before mentioned difficulty a high-speed

photodiode (PD) is applied for optical microwave mixing.
The nonlinear characteristic of the PD is used to generate
the mixing product. The results are very promising. This
new method applying high-speed photodiodes for combined
opticalmicrowave mixing is more advantageous because of
its rather flat mixing response.

Principle of Optical-Microwave Mixing by
Photodiode
The optical-microwave mixing using a high-speed PD is

analyzed based on the DC characteristics. It is assumed that
they describe the behavior of the device up to rather high
frequencies. The measured DC characteristics of the PD
are shown in Fig.1. The parameter of the curves is the
intensity of the optical signal illuminating the device at K =

1.3 lim. The DC current-voltage relationship -at a given
optical intensity- can be expressed by a nonlinear function:

Id = f (Vd) (1)
As it can be seen in Fig.1 the current-voltage curves

contain three different sections in case of illumination. At
low positive voltages the current changes very suddenly
with small voltage changes. Then a sharp knee is obtained
and after the knee point the current is almost saturated. In
the saturation regime, the device is rather linear, Williams
et al. (6). Therefore in photodetector mode of operation,
the diode is used in this regime and reverse biased usually
with a high external voltage V,xt of several Volts (Fig.2). In
the vicinity of the knee point the DC current-voltage
relationship can be expressed by a power series:

Id IdO + al (Vd- Vdo) + a2 (Vd- Vdo)2 + a3 (Vd - Vdo)3 +
(2)

where 'do and Vdo are the diode current and voltage at the
operation point.
The mixing process is explained as a result of the

nonlinear current-voltage relationship. The detected
lightwave is now characterized by an equivalent photo-
voltage. Due to the strong nonlinearity the mixing product
is generated by the microwave driving voltage and the
photo-voltage. The current of the mixing product (ldmix) iS
the function of the V. voltage of the microwave source and
the V h photo voltage induced in the detector due to the
modurated laser light:

-dmix=a2 Vs Vph (3)
The highest curvature is obtained around 0.2 - 0.3 V thus

the maximum of the mixing product should be at this voltage
according to the analysis. This mode of operation is similar
to that of a solar cell due to the forward DC bias voltage.
The efficiency of the optical-microwave mixing process

can be characterized by the conversion loss of the optical-
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microwave mixing. It can be defined as the difference of
detected and the upconverted signal levels:

Lconv d =pmix dBM-Pdet dBM (4)
The power levels of the detected signal pdet and the mixing

product Pnk. are depending on several parameters. Therefore,
the conversion loss will vary altering either the optical
intensity, the optical modulation depth (OMD), the DC bias
of the diode, the frequency of the optical intensity
modulation, the local oscillator power, or the wavelength
of the optical carrier. However, using this definition the
significant loss due to E/O and O/E conversions (typically
50 dB) in the optical path can be treated separately, and
different optical-microwave mixing solutions can be
compared.

Photodetection Measurements
For the investigations a HP 8510B Vector Network

Analyzer (VNA) extended by a HP 83420A LightWave Test
Set (LWTS) was used. The optical source of the LWTS is a
distributed feedback (DFB) laser operating at X = 1.3 im
wavelength. The laser beam can be modulated by an external
MachZehnder modulator (LiNbO3) up to 20 GHz, with a
typical OMD of 25%.

In our experiments Opto Speed PD94CP-S12AR1300
high speed pin photodiode chips were used. The
manufacturer has performed impulse response
measurements of the devices using a very short light pulse.
Due to the small chip size, the response presented a cut-off
frequency higher than 40 GHz. The active surface of the
photodiode is 16 x 16 km2. The chip contains a tapered
coplanar transmission line having 4 = 50 Q characteristic
impedance ( Fig.3 ) enlarging the diode contacts to a pitch
distance of 150 Rm. Two different photodetector circuits
were fabricated using the diodes. A simple circuit was
constructed by bonding the chip directly onto an SMA
coaxial connector using short gold wires. In the other circuit
the chip was bonded to a Z4 = 50 Q coplanar taper on
Alumina substrate connecting the PD chip to a coaxial
connector. For broadband matching a parallel 50 Q
resistance was connected to the PD, by means of hybrid
integration oftwo 2x100 Q chips in a symmetrical structure.
Before mixing experiments, the optical detection was

characterized. Then the detection response was used as a
reference. Therefore the transmitter side of the LWTS
illuminates the photodiode via a lensed fiber. The
monomode fiber was hybrid integrated above the
photodiode active surface to ensure stable optical coupling.
The coaxial connector of the photodetector circuit was
connected to the electrical port of the VNA. In this
arrangement the dynamic behavior of the PD in its detection
mode of operation was investigated. Electnrcal reflection
and Optical-to-Electrical conversion (O/E) have been
measured as the function of modulation frequency. The latter
is actually the optical responsivity R usually given in units
ofdB(A/W) and shown in Fig.4. The parameter of the curves
is the bias voltage. Applying higher negative bias voltages
the flatness of the curves is improved or by other words the
frequency dependence is reduced. The reason for that is the
transit time, which is significantly reduced by the increased
reverse bias voltage.
Mixing Investigations

Investigating the mixing effect, the photodiode was
illuminated by an intensity modulated laser beam with a

wavelength of 1300 or 780 nm, respectively. The
illumination of the PD was carried out in the same way as it
was done during the detection measurements. The local
oscillator (LO) signal is fed to the photodiode via a circulator
as shown in Fig.5. In a similar experiment of Q.Z.Liu et al.
(7) an amplifier followed the photodetector. To eliminate
amplifier nonlinearities in our experiments, we did not use
microwave amplifier. At the electrical connection of the PD
a wideband circulator (4.5 - 9.5 GHz) is used establishing
separate input and output. The upconverted mixing product
generated in the diode is measured by the spectrum analyzer.
Different microwave LO signals were applied in the
passband of the circulator. The LO frequency was fLo = 4.8
GHz and 8GHz, respectively. In the first case, the
modulation frequency of the laser diode was swept from 45
MHz upto 2.5 GHz. The upper sideband of the mixing
product is shown in Fig.6. In the second case, the modulation
frequency of the laser diode- was swept from 45 MHz upto
850 MHz. In Fig.7 the double sideband upconversion is
plotted.
The parameter of the curves of Fig.7 is the OMD and the

power of the microwave local oscillator signal. The lower
three curves belong to a 25% OMD with a LO power of 0,
-10 and -20 dBm, respectively. The upper two curves belong
to a 6dB higher OMD with a LO power of 0 and -10 dBm,
respectively. As it can be seen in Fig.6 and Fig.7. the decay
in the mixing product with increasing modulation frequency
is rather small. The response is quite flat up to 1.5 GHz
modulation frequency. The decrease in the response above
1.5 GHz is also not sign)ficant. The small ripple on the
measured curves is caused mainly by the imperfect
impedance matching between the PD and the 50Q circulator
system causing transmission line resonance.
The dependence of the mixing product on the OMD and

on the LO power has also been investigated. At low levels,
the power of the mixing product is proportional to theOMD
and LO power ( PLO < -5 dBm ).At higher levels a saturation
effect is observed ( PLO - 0 dBm ). However, the shape of
the curves are not depending neither on the optical
modulation depth nor on the LO power.
The bias dependence of the upconverted signal is shown

in Fig.8. Here the optical intensity was 130 iiW at x = 780
nm. The microwave signal applied at 5 GHz had a power
level of PLO = 0 dBm. The mixing product was measured at
a modulation frequency fmd of 100 MHz. As seen in Fig.8
the maximum is around 0.2 - 0.3 V in good agreement with
the theoretical expectations.

It is worth mentioning that the optimum photodiode bias
for mixing is sign)ftcantly differing from the optimum bias
for detection. To achieve good detection responsivity a high
negative bias voltage should be applied (Fig.4). However,
for high effciency mixing the bias has to be close to zero
voltage. That is due to the fact that the current-voltage
characteristics of the device exhibits the maximum
nonlinearity close to zero voltage.

It is interesting to compare the mixing process of the
photodiode with that of a FET (Fig.9). In case of the PD the
bias voltage is positive and close to zero. While in the case
of FET mixing the bias voltage is negative and close to the
pinch-off voltage. The power of the mixing product is
somewhat smaller in case of photodiode compared to the
FET (Fig.10). However, the dynamic property, the frequency
dependence is smaller with the PD than with the FET. Thus
at higher modulation frequencies the photodiode mixing
proved to be more appropriate than the FET mixing. That
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is a big advantage in the case of the reception ofSCM optical
signals because the capacity of the system can be
significantly increased this way.

Conclusions
Optical-microwave mixing using high-speed pin

photodiodes was investigated. Efftcient upconversion was
measured and compared to the photodetection using the
same device. It is concluded that opticalmicrowave mixing
by the high-speed photodetector can be used up to much
higher frequencies than mixing by FET devices, Berceli et
al.(9) and (10). Applying the new mixing procedure much
higher subcarrier frequencies can be received thus enhancing
the SCM optical transmission capacity.
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Figure 1. Photodiode current-voltage
characteristics at different illumination levels

Figure 2. Simplified model ofthe reverse
biased pin photodiode, Vd, < Vpd < OV
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Figure 5. Experimental setup for optical-
microwave upconversion by a photodetector
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Figure 10. Upconverted signal of optical- micro-
wave mixing by GaAs FET at X = 780 nm
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