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Abstract—High sensitivity receptionisacrucial problem of fiber
radio links. A significant improvement is obtained by applying a
new approach called optical-microwave double mixing. The new
approach can provide as much as 30 dB of higher mixing product
in anarrow-band compared with thedirect detection applying only
additional passive components. Detailed investigation of the op-
tical-microwave double-mixing method is shown to get optimum
adjustment for specific applications. The new method is advan-
tageoudy used for the reception of subcarrier-multiplexed optical
signals.

Index Terms—Fiber radio, optical-microwave mixing, optical
reception, subcarrier-multiplexed optical transmission.

I. INTRODUCTION

HE widely used optical receivers mainly apply photo-

diodes (PDs) to detect the optical intensity-modulated
signal. A relatively high sensitivity is achieved by properly
matched transimpedance or distributed amplifiers [1]-{3]. In
another method, the modulated optical signal is mixed with
a microwave signa in the PD, producing an intermediate
frequency signal [4]-{11]. Thus, heterodyne-type reception is
feasible. However, the mixing conversion has a higher loss
compared with the direct detection.

In the new optical-microwave double-mixing approach, the
conversion loss is much less than that of the direct detection,
offering a significant improvement in the reception sensitivity.
The mixing product is even further increased by resonance en-
hancement, providing 30 dB of total improvement in compar-
ison with direct detection.

The mixing process can be compared with the direct detec-
tion, considering not only the received signal power but also
other aspects as well. In the case of mixing, the received signal
isnot inthe baseband but at an intermediate frequency (IF). That
resultsin a narrower relative bandwidth (with the same absolute
bandwidth). At intermediate frequencies, a lower noise figure
is feasible compared with the baseband reception. The trans-
mission characteristics (such as amplitude and phase response)
are improved because of the smaller relative bandwidth. In the
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IF band, the selection of the subcarrier channels is also easier
compared with the baseband reception.

II. DOUBLE-MIXING PRINCIPLE

In the conventional optical—microwave mixing process, anin-
tensity-modulated optical signal and amicrowave signal are ap-
plied to a nonlinear high-speed optical device e.g., a p-i-n PD
that is sensitive both for optical and microwave signals. Due to
the nonlinear behavior of the device, mixing products are gener-
ated, i.e., the upper and lower sidebands of the microwave signal
appear at the output. One of these mixing productsisused for re-
ception. However, the conversion loss of the optical—-microwave
mixing is significantly higher than the conversion loss of the di-
rect optical detection. Therefore, the optical—microwave mixing
has limited application, although it has many advantages from
other viewpoints, e.g., selectivity, noise, and rel ative bandwidth.

Based on our investigations, we noticed that besides the
optical-microwave mixing, there is a photodetection process
as well. However, presently, the detected signal is not utilized
in the mixing procedure. Our new idea is that the photode-
tected signal should also be utilized somehow. Therefore, we
developed a new method for the utilization of the detected
signal in the mixing process. by a proper embedding circuit,
the detected signal is reflected back into the nonlinear device,
and this way, it is mixed again with the microwave signal.
In case of phase coherence, the two mixing products are
added constructively and, thus, the output signa is increased
significantly. We call that method optical-microwave double
mixing because it simultaneously utilizes two effects: a direct
and an indirect mixing process of the modulated optical signal
and the microwave signal. As aresult of the application of the
double-mixing method, 10-15-dB improvement is obtained
compared with the conventional mixing approach.

The mixing product can be even further increased by an
additional resonance enhancement approach. The resonant
enhancement method is aready widely used in case of
narrow-band applications. It can be used for Mach—Zehnder
modulators (MZMs), photodetectors, etc. This way, an addi-
tional 10-15-dB increase in the output signal can be achieved.
For example, in the case of MZMs, the electrodes of the
microwave driving circuit can have a resonant structure. The
result is an increase in the modulation depth. The MZM can
also be used for optica—-microwave mixing. However, its
conversion loss is much higher than the conversion loss of
simple p-i-n diode mixing. Usually, the conversion loss of the
Mach—Zehnder mixer is 2025 dB higher. By the application
of the resonant enhancement, the mixing product of the MZM
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Fig. 1. Optical—microwave mixing setup.
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Fig. 2. Measured dc characteristic of the p-i-n PD (parameter is the incident
optical power).
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Fig. 3. p-i-n diode simplified circuit model for double mixing.

is increased by 10-15 dB; nevertheless, it is still 10-15 dB
higher than the mixing product of simple p-i-n mixing without
resonant enhancement.

IIl. INVESTIGATION OF THE DOUBLE-MIXING PROCESS

The setup of the optical-microwave circuit is shown in
Fig. 1. The intensity-modulated optical signal illuminates the
PD which isin an embedding electrical circuit. The embedding
circuit can be optimized for detection or mixing.

The measured dc characteristics of the 1A358 type MITEL
CATV p-i-n PD isshown in Fig. 2. Here, the detected photocur-
rent is plotted as afunction of the bias voltage for different illu-
mination intensities.

For the investigation of the double-mixing process, the sim-
plified model of Fig. 3isused. Here, the p-i-n PD isrepresented
by a current source, providing the effect of illumination, a non-
linear conductance G, and anonlinear capacitance C'. The base-
band signals /f, and the mixing products v/ f...ix are separated
by branching filters, and they are terminated by the admittances
Y, and Y,,;x. Based on Fig. 3, it is seen that the current of the
detected optical signal flows through the admittance Y, and
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when reflected back, it develops an additional voltage across
the terminals of the PD. This signal is also mixed with the mi-
crowave signal producing a mixing product as well. The two
mixing products, the results of two effects, are added if they are
in phase and subtracted when the phase difference between them
is180°. Applying a resonant circuit in the baseband, the effect
is enhanced, increasing the mixing product very significantly.

The mixing process is explained as a result of the nonlinear
current-voltage relationship [12]{18]. The detected lightwave
is 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 I-V
characteristics of a biased p-i-n PD under illumination is
described by an exponential function

I = I() [exp <VLT> - 1:| - Iopt (1)

where Vr is the thermal voltage of the diode, and 1. is the
photocurrent.

The voltage of the diode V' can be expressed as a sum of the
voltages

V= Vdc + VLO + ‘/mod (2)

where V.. isthe dc-bias point of the diode, and V1,0 and Viy04q
arethelocal oscillator (LO) and the modulation signal's, respec-
tively. Vi,0q Can be expressed as a function of the modulated
optical power (Pp0a ), the responsivity of the diode R(V') at
the actual bias, and the termination impedance in the baseband
Zmod

‘/mod ~ Pmod R(V) Zmod . (3)

Substituting the latter (1)—(3) into each other, the ac current
of the PD is described as the multiplication of two functions

Al =2 F1(Vio)Fa(Puoa) 4

where F isdependent on the applied LO signal, and F5 isonly
dependent on the intensity of the light. Both Z° functions are
dependent on the bias voltage.

The aim is to investigate high-frequency signals. Therefore,
the two functions in the (4) are approximated by their Taylor
series

(V) =R (Vo)

dFy (V) 1 d2F (V)
v | e |,
X AVZ 4.
Fo(P) = Fy(Py)
dl>(P) AP+1 d*Fy(P)
P |p 2 ar? |,
X AP? 4. ... (5)

The proper combinations of these F' functions (5) produce
the up-converted signals, including the higher order distortions
as well.

Asit can be seenin Fig. 2, the current-voltage curves contain
three different sections in case of illumination. At low positive
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Fig. 4. Detection measurement setup.

voltages, the current changes very suddenly with small voltage
changes, and the responsivity of the PD is very small caused by
the high transit time of the diode. Then, asharp kneeis obtained
where the nonlinearity of the characteristics is still high and
the responsivity is higher caused by the increased reverse-bias
voltage. After the knee point, the current isalmost saturated, and
the device israther linear. In this region, the responsivity of the
diode is the highest so that it can be used for optical detection.

The mixing efficiency depends on the responsivity of the
diode and the nonlinearity of the characteristics. Because the
photo-voltage and the nonlinearity change in the opposite
direction as a function of the reverse-bias voltage, the highest
mixing product can be generated using a bias close to the knee
point of the dc curve. In case of the MITEL 1A358 PD, the
optimum bias point for optical—microwave mixing is in the
range —0.2 V...— 0.3 V (reverse hias), as it will be shown
in the figures presenting measured results. The bias sensitivity
of the maximum mixing product is not high. By a simple
stabilization of the bias voltage, this maximum can be kept
unchanged. For example, the dependence of the up-converted
signal at resonance frequency islessthan 0.5 dB/50 mV @ 250
mV reverse bias, asit isseenin Fig. 15.

The level of the up-converted signal is dependent on the
voltage of the local generator and the photo-voltage; thus,
if we can increase these voltages, the mixing efficiency will
be increased. The increase of the LO power (voltage) is
easy, but the saturation limits this effect. The other way is
to increase the photo-voltage by the double-mixing method.
The optical detection using a p-i-n PD is based on an op-
tical-power-to-el ectrical-current conversion. The photo-voltage
is generated by the photocurrent converted from the optical
power. If the impedance loading the “current generator” is
small, the photo-voltage will be small, and if the impedance is
high, the photo-voltage will be high as well. Using a resonant
embedding circuit, this impedance can be set higher, and the
mixing product will be higher. This method can be used easily,
especially in the optical—-microwave mixing method.

IV. PHOTODETECTION INVESTIGATION

First, the optical detection was characterized. The in-
vestigated PD was a MITEL 1A358 type CATV p-i-n PD
(C =2 1.2 pF, R = 0.8 A/W). The detection response was
used as a reference. In this arrangement, the dynamic behavior
of the PD was investigated in its detection mode of operation.
The measurement setup is shown in Fig. 4. The intensity-mod-
ulated optical signal is generated by an HP 83424A 1550-nm
distributed feedback (DFB) laser source and an HP 83422A
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Fig. 6. Mixing measurement setup with real circulator.

external Mach—Zehnder optical modulator. The modulator was
used with “MAX"” modulation depth mode, and the built-in
automatic gain control guaranteed the constant optical modula
tion depth (OMD).

The photodetected intensity-modulated optical signal was
measured by a spectrum analyzer, and the result is shown in
Fig. 5. The parameter of the surface is the reverse-bias voltage
of the PD; it wasvaried intherange0...1.5 V in 0.1-V steps.
The frequency scale is multiplied by —1 so that the detection
can be compared with the figures of mixing properties (see
subsequently). Applying higher negative-bias voltages, the
flatness of the curves is improved or, in other words, the
frequency dependence is reduced.

V. UP-CONVERSION INVESTIGATION WITH A CIRCULATOR

The investigated optical—-microwave mixing setup is shown
in Fig. 6. The LO signa is fed to the PD via a circulator. The
up-converted mixing product generated in the diodeis measured
by aspectrum analyzer. At the electrical connection of the PD, a
wide-band circulator is used separating the input LO signal and
the output up-converted signal.

The measured lower sideband of the up-converted signal is
showninFig. 7. Theintensity-modul ated optical signal wasgen-
erated by the same optical configuration as in the detection in-
vestigation. The circulator has abandwidth of 2—4 GHz. The op-
tical carrier was modulated by a f,,,q = 10-410-MHz signal.
The LO signal has 0-dBm power at a 2.5-GHz frequency. The
reverse bias of the PD was varied in therange 0-1.5V in 0.1-V
steps. In Fig. 7, the horizontal axis of the surface plot isthe fre-
guency offset from the 2.5-GHz carrier, the perpendicular axis
shows the reverse bias of the PD, and the vertical scale is the
power level of the up-converted signal.
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Outsideits bandwidth, the circulator cannot produce a proper
matching. Because the frequency of the baseband signal (de-
tected signal) islower than the band of the circulator (2—4 GHz),
the PD sees avarying impedance in the baseband. The effect of
this reflection iswell seen in Fig. 7, causing the ripples.

If the length of the transmission line (semi-rigid) is about
8 cm, the up-converted spectrum has a —27.46-dBm peak at
312 MHz (if the length changes, the peak changes as well).
Using this configuration, a mixing gain can be achieved. The
gain compared with the detected signal is 8 dB, but the location
of the resonance cannot be designed well.

V1. UP-CONVERSION SETUP WITH “IDEAL” CIRCULATOR

As it was shown, the resonance peaks were caused in the
up-converted spectrum by the improper matching of the circu-
lator in the band of the baseband signal. Thereal circulator can
be completed by a simple circuit to achieve better matching in
awider band (see Fig. 8).

If the attenuation of the attenuator is sufficiently large, there-
flection of the port connected to the PD is close to zero. If the
amplification (A) isegual to the attenuation (a) the behavior of
the real circulator is almost equal to the “ideal” one. The mea-
surement of the optical-microwave mixing was repeated with
the same setup by changing the circulator to an “idea” one
(using a 10-dB attenuator). (In the measurement, the amplifiers
wereleft out, compensating their effects by the increased power
of the LO signal and the shifted reference level of the spectrum
analyzer.) The lower sideband of the up-converted spectrum is
shown in Fig. 9 with the same settings as in the latter cases.

Asit can be seen, the ripplesin the spectrum are almost elim-
inated. Apart from theripples, the form of the surfaceis approx-
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imately the same asin the real circulator case. The surface has

amaximum edge at 0.2-V reverse-bias voltage.

VII. UP-CONVERSION INVESTIGATION WITH AN ELECTRICAL
LC RESONATOR

In some cases, the mixing gain effect—which overcomes the
detected output power—is advantageous. For a suitable appli-
cation, the simple design and the tuning of the resonance fre-
quency have to be solved. The insufficiently well-defined loca-
tion of the resonance using a real circulator setup can be elim-
inated by applying properly designed baseband resonator cir-
cuits. The developed resonator circuit is shown in Fig. 10. The
embedding resonator circuit consists of a series capacitor and
a paralel inductor (in the small-signal equivalent). At the fre-
quency band of the up-converted signal, the inductor (L..) isan
open circuit, and the capacitor (C'.) isasmall-series attenuator,
so their effects can be neglected.

In the baseband, the capacitor can be approximated with an
open circuit; thus, the PD is parallel-connected to the resonator
inductance and a high impedance (series connection of the res-
onator capacitor C,. and the Z; system impedance), as shown
in Fig. 11. These embedding circuit elements make aresonance
with the capacitance of the photodiode.

Thelower sideband of the up-converted spectrumisshownin
Fig. 12 using the same signal properties as in the latter setups.
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In the measurement, a so-called “ideal” circulator was used to
reduce the resonance effects of areal circulator disturbing the
presentation of the LC resonance effect. The capacitance of the
resonator capacitor is 4.7 pF, the equivalent capacitance of the
PD is approximately 1 pF, and the resonator inductance was
realized by a ten-loops inductor.

The surface has a maximum edge at about 0.2-V reverse-bi-
ased voltage. As it can be seen, the up-converted signal over-
comes the detected signal in a narrow band. It has a resonant
— 11.94-dBm high peak at 104 MHz. The mixing gain com-
pared with the detected signal is about 24 dB. The advantage of
the LC resonator method opposite to the resonance caused by
the circulator is the well-defined and easily designed resonance
frequency.

The frequency of the resonance can easily be changed by
tuning the resonator inductor. If t alower value for the inductor
is set, the resonance frequency will be higher, as seen in
Fig. 13 (the resonator inductance was realized by athree-loops
inductor).

In Fig. 13, the resonance frequency is 250 MHz, and it has
a —25.23-dBm peak. The peak is smaller, and the bandwidth
around the peak is wider than in the case of alower frequency
resonance (Fig. 12). These effects are caused by the decreased
transformed termination impedance (Z,) through the resonator
capacitor. The lower real part of the impedance decreases the
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effect of the resonance by reducing the quality factor of the res-
onator. That effect can be reduced by decreasing the capaci-
tance, but in this case, the attenuation at the LO band will in-
crease, causing a decrease in the up-converted output power.
Due to these opposite effects, there is an optimum for the se-
ries resonator capacitance.

VIII. Ur-CONVERSION USING SERIES AND
PARALLEL RESONANCES

The opposite effect of the resonator capacitor can be elimi-
nated by using a developed new optical microwave configura-
tion setup, shown in Fig. 14. The resonator is completed by a
new resonator (L, C,) in the series branch. This resonator is
tuned to the resonance (baseband), and in a narrow band de-
termined by the quality factor of the resonator, it shows a high
input impedance; thus, it separates the PD from the Z, system
impedance.

Applying this configuration, there is no decrease in the reso-
nant peak at higher frequencies. A measured result can be seen
in Fig. 15. The power of the 2.5-GHz LO signal isO dBm, asin
the latter cases. The up-converted spectrum has a —10.86-dBm
peak at the modulation frequency of 290 MHz. This peak over-
comes the detected level by 25 dB.

The 3-dB bandwidth of the mixing product is 12 MHz in the
present case. The mixing gain can beincreased with higher res-
onator 2, but it resultsin anarrower bandwidth. The achievable
gainistheoretically limited by the loss of the PD.

The L O power dependence of the up-converted spectrum was
aso investigated. At a higher (> 5 dBm) LO signd level, a
saturation effect can be observed. The lower sideband of the
up-converted spectrum close to the saturation can be seen in
Fig. 16. The LO power level is 5 dBm, and the other settings
are the same as in the latter investigations.
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(maximum — 10.86 dBm @ 289 MHz).

The spectrum shown in Fig. 16 has a —2.89-dBm pesk at
289 MHz. This peak overcomes the detection by 33 dB, which
is quite a significant mixing gain.

The contour map of the up-converted spectrum shown in
Fig. 15 is plotted in Fig. 17. The figure shows both the lower
and upper sidebands of the up-converted signal. As it can be
seen, the lower and upper sidebands are alimost symmetrical to
each other.

The resonance frequency is shifted down by decreasing the
reverse-bias voltage of the PD. The reason for this effect is that
at lower reverse-bias voltage, the PD equivalent capacitance is
higher so that the resonance frequency is shifted down.

IX. TRANSMISSION PROPERTIES
A. Noise Properties

The noise properties of the optical-microwave mixing effect
were also investigated. Utilizing the reflection in mixing, the
signals are superposed in phase, but because the noise sources
are incoherent, a noise reduction has been expected. The
output noise spectral density of the optical—microwave mixer is
—141.7 dBm/Hz in the resonance band using areal circulator
and 0- dBm LO power along with a 270-xW illumination
without modulation. The noise of the p-i-n diode is relatively
small because it works with reverse-bias voltage, and therefore,
the dark current is very low. This way, the noise generated in
the p-i-n diode is negligible to the noise contribution of other
system components.
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The noise density in the dark case is 0.58 dB higher than
the thermal noise of the system. The slight noise increase can
be explained by the relative intensity noise caused by the laser
source and the external modulator. In spite of theincreasein the
noise spectral density, the signal-to-noise ratio isimproved due
to the high gain of the mixing effect.

In case of optical—€lectrical conversion, there is no conver-
sion gain; however, asignificant conversion lossisencountered.
Therefore, the noise figure is basically determined by the con-
version loss. Asthe optical—microwave double mixing approach
exhibits much smaller conversion loss than the conventional
mixing or the direct optical detection, the noise figureissignifi-
cantly improved. That isavery important advantage in receiver
applications.

B. Bandwidth

The bandwidth is basically dependent on the @ factor of the
baseband resonator. With a higher ¢ factor, the bandwidth will
be narrower; however, thetransmission peak will be higher. That
means there is a strong relationship between these two proper-
ties: when the transmission peak is higher, the bandwidth is nar-
rower. However, it is possibile to broaden the band and keep the
transmission peak unchanged by the application of more com-
plex circuitry in the baseband, which hasfilter characteristics.

The optical—microwave double mixing has further ad-
vantages in receiver applications. As the received signal is
converted into the intermediate frequency band, the electronic
circuitry of the receiver will have a narrower relative band-
width. Consequently, their transmission characteristics—like
amplitude and group-delay responses—can be improved in
the narrower relative bandwidth. Furthermore, the optical—mi-
crowave double mixing exhibits afiltering effect aswell, which
isvery useful in the reception of subcarrier-multiplexed optical
signals.

C. Operation Frequency

As it has aready been shown, the operation frequency is
mainly determined by the baseband circuit. However, the same
mixing approach can be used at higher frequencies, but because
the available gain is limited by the losses of the PD and the
embedding resonant circuit, monolithic realization is proposed,
which minimizes the parasitic effects. This way, the operation
frequency can be shifted to higher frequencies, when the
microwave monolithic integrated circuit (MMIC) construction
isapplied. Naturally, the @ factor of MMIC resonatorsisnot so
high as that of the lower frequency resonators utilizing lumped
elements. Therefore, the height of the transmission pesak is
reduced when the operation frequency is increased.

X. SELECTIVE RECEPTION OF A SUBCARRIER CHANNEL

In the presently used optical systems, the reception of
modulated subcarrier signals is performed—after optical
detection—in two different ways [19].

1) The subcarriers are separated by a series of fixed-fre-
quency filters, and the wanted subcarrier is selected by
a switch, which is a very complicated and expensive
method.
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2) A specific subcarrier is selected by atuned filter. In this
case, keeping the performance of the filter unchanged
when it is tuned is very difficult because severa res-
onators and their couplings are to be simultaneously
controlled.

The selective-reception method of the present paper offers
new perspectives. In the subcarrier-type optical communica-
tions, each transmitter has its own subcarrier frequency. The
transmission capacity of the network can be increased by ap-
plying new subcarriers and, thus, the digital processing rate per
subcarrier remains fixed.

Utilizing the new method for the reception of the subcarrier-
multiplexed optical signal transmission, amuch simpler receiver
structure and channel selection can be achieved. By tuning the
resonant circuit, a specific subcarrier signal is separately re-
ceived. That is a big advantage because, besides the significant
increasein thereceived signal, thefiltering effect isalso utilized
[20], [21]. Asthebandwidth of the subcarrier channelsisusually
relatively small, the narrow bandwidth of the present approach
does not cause any problem in the reception.

The new optical-microwave double -mixing method is very
promising becauseit produces an up-converted signal morethan
30 dB higher than the directly detected signal.

XI. CONCLUSION

Some experimental constructions were investigated for op-
tical-microwave mixing method. A significant increase in the
received signal is obtained by applying the new optical-mi-
crowave double-mixing approach. In a narrow-band, a 30-dB-
higher mixing product is obtained. The new method can be ad-
vantageously used for the reception of subcarrier-multiplexed
optical signals.
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