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Abstract—We report on the first implementation and perfor-
mance investigation of a 60-GHz-band optoelectronic image re-
jection mixing scheme based on a broad-band integrated optical
single-sideband modulator. We have confirmed a few advantageous
features over electrical image rejection mixers, arising from its na-
ture of being free from electrical phase control of millimeter-wave
signals. We obtained at the IF frequency of 800 MHz rejection ra-
tios of 40 dB for the image signal and of 20 dB for the local os-
cillator (LO) signal in the LO frequency range of 55–65 GHz. The
LO bandwidth can be extended further. The IF bandwidth with an
image rejection ratio of 20 dB was also confirmed to be as broad
as 550 MHz, which is limited not by the configuration but by the
bandwidth of the 90 hybrid used in this experiment. Furthermore,
fiber-optic transmission of a 155.52-Mb/s-DPSK 59.8-GHz optical
millimeter-wave signal was successfully demonstrated for a 20-km
standard single-mode fiber. A bit error rate of 10 9 was achieved
at the received optical power of 18 dBm with a negligible disper-
sion penalty.

Index Terms—Fiber-optic millimeter-wave link, image rejection
mixer, millimeter-wave mixer, optical single-sideband modulator,
optoelectronic mixing.

I. INTRODUCTION

T HE millimeter-wave band has attracted considerable
attention recently for its possible application to future

broad-band multimedia access systems employing the picocell
configuration. Since a large number of base stations are needed
therein, the simplification of antenna base stations (BSs) is one
of the key issues addressed for the cost reduction of system
construction and maintenance. The schemes of fiber-optic
millimeter-wave links [1]–[3] offer possible solutions for the
BS simplification; one can generate a millimeter-wave signal
at a central station (CS), transmit it to BSs via optical fibers,
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and centralize most of the millimeter-wave components into
a CS such as local oscillators (LOs), mixers, and other signal
processing functionalities. The simplification also leads to the
implementation of highly transparent BSs, which are robust
to the changes in the frequency and modulation formats. This
feature is attractive especially in the millimeter-wave band,
where a variety of wireless services will be brought into its
unlicensed band of several gigahertz in the near future. Indeed,
an extremely wide unlicensed band of 59–66 GHz has already
been released in Japan [4]. Together with the reduction in
numbers and costs of optical components, therefore, such
BS simplification may accelerate the move to advanced mil-
limeter-wave photonic systems.

One requirement will be to deal with various modulation for-
mats and/or subcarrier multiplexing in such millimeter-wave
photonic systems, where millimeter-wave radio frequency (RF)
signals should be generated by upconversion of electrically pro-
cessed signals of intermediate frequencies (IF). LOs and image
components generated in the process of upconversion should
be removed before the RF signal is emitted into the air from
the viewpoint of efficient use of frequency resources. Such a
signal rejection functionality is enabled by either of the fol-
lowing conventional methods: 1) the electrical filtering in BS
or CS or 2) the use of a millimeter-wave band image rejec-
tion mixer in CS. Although the former eliminates the unnec-
essary signals with a high rejection ratio, the RF frequency will
be fixed through the use of filters and the system transparency
is degraded. Whereas the latter allows a variation in the RF
frequency, millimeter-wave image rejection mixers (IRMs) of
high rejection ratios are still under development, most likely
due to the difficulty existing in the precise control of phases
and amplitudes of millimeter-wave signals. Therefore, devel-
opment of an image rejection mixing technique not only of a
fiber-radio-compatible nature but also of higher performance in
the millimeter-wave band is highly in demand so as to realize
such advanced fiber-optic picocell downlinks with highly trans-
parent BSs.

On the other hand, optoelectronic mixing techniques [5], [6]
have been demonstrated for the fiber-optic millimeter-wave
links in which upconverted signals are obtained through the ex-
ternal modulation of an optical LO signal by an electric IF signal
or vice versa. One can see the following attractive features of
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Fig. 1. Schematic of the OE-IRM configuration: (a) and (b) indicate the points
corresponding to the optical spectra shown in Fig. 2.

this: 1) no electrical signal processing in the millimeter-band is
needed and 2) the mixed output is an optical signal and ready to
be launched into a transmission fiber, which is suitable for the
fiber-optic millimeter-wave links. However, their modulation
formats have been so far fixed mostly to the amplitude or phase
modulation of double sideband. Previously, we have introduced
the concept of optoelectronic image and carrier rejections into
optoelectronic mixing [7]. Its expected performance would
even exceed that of an electrical IRM since it needs no phase or
amplitude control of a millimeter-wave signal. The following is
a summary of our work on the optoelectronic IRM (OE-IRM).
First, the proposal and preliminary experiment were carried
out on a primitive OE-IRM with an acoustooptic modulator
utilized, resulting in both image rejection (IR) and LO rejection
(LR) ratios of more than 36 dB, whereas the IF bandwidth was
extremely narrow. It was followed by the OE-IRM proposal
based on the polarization-mode dispersion (PMD) filtering
method. A 20-dB IR ratio was derived over an IF band of400
MHz around the IF center frequency of 2 GHz. Third, we suc-
cessfully demonstrated the fiber-optic transmission of 155.52
Mb/s ASK and DPSK optical millimeter-wave signals over a
20-km standard single-mode fiber (SMF) [8], [19]. However,
there are drawbacks left in the PMD filtering method; a delicate
control of polarization states is inevitable and the IF bandwidth
is still narrower compared to typical electrical IRMs.

In this paper, we report on the implementation and perfor-
mance investigation of an improved OE-IRM scheme. The im-
provement was brought by a use of an integrated optical single-
sideband modulator (OSSBM) [9], [10], with which the above
problems of the PMD-based method were solved almost com-
pletely. In addition, we found out that the present scheme is su-
perior to electrical IRMs; a fairly high IR ratio can be provided
over a substantially wide LO frequency range. Furthermore, a
successful demonstration was performed in a transmission ex-
periment using a fiber-optic millimeter-wave downlink with the
new OE-IRM scheme employed.

II. PRINCIPLE OF THEOE-IRM BASED ON THEBROAD-BAND

INTEGRATED OSSBM

Fig. 1(a) shows a schematic of the present OE-IRM configu-
ration.1 A dual-mode optical LO signal source is necessary and
it is provided here by a Mach–Zehnder modulator driven by the
method of double sideband modulation with the suppressed car-
rier (DSB-SC) [12]. Fig. 2(a) shows its schematically drawn op-

1A similar configuration has been proposed for different purposes from ours;
for instance, see [11].

(a)

(b)

Fig. 2. Optical spectra of a dual-mode LO signal of (a) MZM output and (b)
OE-IRM output. The horizontal axis shows the differential optical frequency
�f from the LD light frequencyf . Asterisks indicate the suppressed signal
by the DSB-SC method. Symbols A–H are described in the text.

tical spectrum. The optical carrier at and the even-order side-
bands are suppressed and indicated by the asterisks in the figure.
The first- and third-order sidebands are generated at
and , respectively, which are shown by, , , and

. The latter two are negligibly small in the case of a low modu-
lation index. Note that the DSB-SC method needs only an elec-
tric LO signal of , as shown in Fig. 1. Other dual-mode
optical sources [13]–[15] are also acceptable in this OE-IRM
configuration, leading to the reduction of the driving frequency
in any case.

One of the two modes is separated by a wavelength divi-
sion multiplexing (WDM) splitter, which in this case consists
of an optical circulator and a fiber Bragg grating (FBG) whose
reflection band is adjusted so that the mode [
in Fig. 2(a)], is included in it. Then the reflected mode is led
into an OSSBM device, to which an electric IF signal is ap-
plied and whose detailed operation principles are available in
[9]. The OSSBM output light, which we define as the optical IF
signal hereafter, contains the optical upper-sideband (OUSB) at

[shown by in Fig. 2(b)] and some higher
order components. The original mode at and op-
tical lower sideband (OLSB) at are sup-
pressed sufficiently, which are defined as G and F in Fig. 2(b),
respectively. We should note that the third-order lower sideband
at [shown by in Fig. 2(b)] is not negli-
gible in the case of a high modulation index. By combining the
FBG transmitted light and the optical IF signal, we obtain the
OE-IRM output signal, and its spectrum is schematically shown
in Fig. 2(b). Note that the signal is of optical single-sideband,
providing the robustness to the chromatic dispersion penalty
[16]. Photodetection of the OE-IRM output leads to sufficient
generation of the upper sideband (USB) signal at ,
while the lower sideband (LSB) signal at and the LO
signal at are suppressed. Here, the third-order sideband at

can be a dominant spurious component for an IF
signal input of higher power. We define hereafter the IR ratio,
the LR ratio, and the third-order sideband rejection (TR) ratio
as the RF power suppression ratio of the LSB, the LO, and the
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third-order sideband components to the USB component, re-
spectively.

The LO and IF frequency responses predicted for this
OE-IRM scheme are described below. The LO bandwidth
depends in principle on the WDM filter characteristics and the
spectral bandwidth of the OSSBM operation. The latter is less
serious than the former and its broad-band nature is described
in more detail in [17]. As for the former, one mode of the
DSB-SC optical LO signal, which is allocated at
[ in Fig. 2(a)], should stay within the FBG reflection band.
Therefore, the LO frequency is restricted in the range of

, provided that the
fluctuation in and is much less than , i.e., a few GHz,
and that the FBG reflection band ranges from to

. Here, and are the center optical frequency and
the bandwidth of FBG reflection, respectively. Such stability
is available through the recent techniques for wavelength
control and leads to the LO signal bandwidth of around,
i.e., twice as broad as the FBG reflection bandwidth. This is
an attractive feature of the present OE-IRM scheme, while
electrical IRMs, for which a precise phase control is unavoid-
able, cannot provide such broad-band performance. On the
other hand, the IF bandwidth is limited by the characteristics
of the IF signal injected into the OSSBM device, that is,
the amplitude and phase imbalance between the 90hybrid
outputs. However, one can expect bandwidths of 1–4 octaves
even if one uses a commercially available 90hybrid. This is an
expected improvement from our previous scheme, where the
IF bandwidth with a 20-dB IR ratio is restricted to only 20% of
the IF frequency [8], [19].

Here, we discuss some limiting factors of the OE-IRM per-
formance. The LR and IR ratios depend mainly on the optical
carrier suppression and OLSB suppression ratios of the OSSBM
device, respectively, which are primarily affected by the fol-
lowing factors: 1) accurate control in amplitudes, phases and
bias of the OSSBM inputs and 2) its optical extinction ratio.
However, high modulation indices of the MZM and OSSBM de-
vices lead also to considerable increase of the third-order side-
bands. The former corresponds toand in Fig. 2(a) and the
latter to in Fig. 2(b). For example, the LSB component is gen-
erated through the optical beat between the higher order side-
band of the optical LO signal at [ in Fig. 2(b)]
and OUSB at [ in Fig. 2(b)], causing a pos-
sible degradation in the IR ratio. To prevent the degradation, the
MZM modulation index should be kept moderate or the higher
sideband [ in Fig. 2(b)] should be filtered out optically. Fur-
thermore, the OSSBM modulation index should be adjusted in
order to suppress a third-order sideband at .

III. PERFORMANCECHARACTERIZATION AND FIBER-OPTIC

TRANSMISSIONEXPERIMENT

We investigated the characteristics of the present OE-IRM
scheme and its application capability to fiber-optic mil-
limeter-wave links by using the experimental setup shown in
Fig. 3. The OSSBM device is made of an x-cut LiNbOcrystal,
whose detailed structure is described in [18]. There are two RF
input ports (RFA and RFB) to which IF signals were applied

Fig. 3. Experimental setup.

with a phase difference of 90. The half-wavelength voltages
( ) of the OSSBM device are 6.0 V for RFA and 6.3 V for
RFB at 100 MHz. of the MZM device is 5.0 V at 29.5 GHz.
To optimize the polarization states, we inserted optical polar-
ization controllers at the OSSBM input and the FBG output.
Erbium-doped amplifiers (EDFAs) were placed at the output
ports of the MZM device and OE-IRM so as to compensate for
the optical losses of MZM and OSSBM, which are typically
25.2 and 19.9 dB, respectively. The optical powers at the input
ports of MZM and OSSBM are 6.0 and2.6 dBm, respectively.
An optical attenuator was used at the FBG output to adjust the
power balance between the optical dual modes of OE-IRM
output so that a high modulation index was provided. We used
two kinds of IF signals in the experiments. One is a single
tone signal coming from a synthesized signal generator and the
other is a 155.52-Mb/s-DPSK 800-MHz signal. One of these IF
signals was divided into two by a 90hybrid whose operation
band ranges from 500 to 1000 MHz, and their amplitudes and
phases were trimmed before their injection into the OSSBM
device. An optical bandpass filter having a 1.0-nm bandwidth
was utilized to remove the ASE noise originating from EDFAs.
The OE-IRM output light was launched into a 20-km SMF and
transmitted to a BS. The details of the fiber-optic transmission
experiment are described later. The following parameters are
typical hereafter: is 59 GHz, the LO signal power at the
MZM input is 6 dBm, is 800 MHz, and the IF signal power
at the 90 hybrid input is 19 dBm, corresponding to the OSSBM
input signal amplitudes of 1.39 V at RFA and 1.53 V at RFB.
These values of RF power were chosen by taking their effects
on the IR and TR ratios into consideration.

We have characterized the basic OE-IRM performance by
using the single-tone IF signal. Fig. 4(a) and (b) shows the mea-
sured RF spectra at the PD output in the cases of back-to-back
and 20-km SMF transmission, respectively. The IR and LR ra-
tios are 46 and 28 dB, respectively, under the back-to-back con-
dition. We also obtain a TR ratio of more than 36 dB, which orig-
inates from the third-order harmonic component not of OSSBM
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(a)

(b)

Fig. 4. RF spectra at the PD output without electrical amplification with
a single-tone IF signal injected. LO and IF frequencies are 59 GHz and
800 MHz, respectively. (a) Under back-to-back conditions. (b) After 20-km
SMF transmission.

but of the IF signal of the synthesizer output. This is because the
IF signal power was carefully suppressed so as to prevent the
third-order nonlinearity of OSSBM. Hence, the TR ratio can be
improved by appropriate filtering of the IF signal. We obtained
an IR ratio of 41 dB and an LR ratio of 23 dB even after the
20-km transmission. The degradation in the IR ratio caused by
the SMF transmission is not essential: the USB power was de-
creased by 12 dB because of the power loss induced in the trans-
mission fiber (6 dB), while the LSB component fell below the
noise floor of the spectrum analyzer. On the other hand, the LR
ratio degradation can be ascribed to the residual carrier compo-
nent at another polarization state generated in the present device.

The IR and LR ratios were measured as described in the fol-
lowing with various frequencies for IF and LO signals. The de-
pendence of IR and LR ratios on is shown in Fig. 5. Even
after the SMF transmission, an IR ratio of20 dB was derived
over an range from 550 to 1100 MHz, which corresponds to
an IF bandwidth of 550 MHz, which we believe is limited by the
90 hybrid characteristics. The bandwidth will be broadened by
using either hybrids of the multi-octave bandwidth or a higher
IF frequency. LR ratios of 21 and 18.6 dB were confirmed in
the range from 300 to 1200 MHz after and before the SMF
transmission, respectively. The LR ratio achieves its minimum
at MHz. The reason for this behavior has not been
clarified yet. The LR degradation added through the fiber-optic
transmission is 6.2 dB at most.

The dependence of IR and LR on the LO frequency is
shown in Fig. 6. The measurements were restricted under the

Fig. 5. Dependence of rejection ratios on IF frequencyf . The solid and
dashed lines are guides for the eye.

Fig. 6. Dependence of rejection ratios on LO frequencyf .

back-to-back condition for simplicity. Note that the IR ratio is
more than 41 dB over the wide LO frequency range from 55 to
65 GHz, which is not limited by the configuration potential and
can be extended to at most. However, the present accept-
able bandwidth of LO frequency is approximately 16% of the
LO frequency, which is still fairly large and superior to those
of electrical IRMs. The LR ratio is 23 dB over the same LO
frequency range.

We discuss the dependence of rejection ratios on power of
LO and IF signals. The measured IR ratio degraded as the LO
signal power exceeded 10 dBm, which is due to the increase
of the higher order components of the optical LO signal [in
Fig. 2(b)]. The LSB component is thus generated through the
beat note generation originating from the OSSBM output [
in Fig. 2(b)] and the increased component. As for the mea-
sured TR ratio and its dependence on the IF signal power, they
are dominated by the spurious component of the IF signal at
present. However, it will be improved by appropriate IF filtering
and is expected to be limited by the OSSBM third-order com-
ponent. Based on the estimation of the third-order spurious of
the OSSBM output, the limitation is given to be 45 dB at the IF
signal power of 19 dBm.

Finally, we performed a preliminary fiber-optic trans-
mission experiment of millimeter-wave signals using a
155.52-Mb/s-DPSK 800-MHz IF signal. A 59.8-GHz RF
signal obtained through the photodetection was amplified and
downconverted by a millimeter-wave mixer. In this experiment,
the wireless transmission between the BS and the terminal was
skipped for the sake of simplicity. The baseband signal was
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Fig. 7. BER characteristics and measured eye diagram at BER= 10 (inset).
IF frequency: 800 MHz; IF power: 19 dBm; LO frequency: 59 GHz; LO power:
6 dBm.

regenerated by the amplification and the DPSK demodulation.
After the noise rejection by a 100-MHz lowpass filter, the
obtained signal was injected into an error detector and an os-
cilloscope. The bit error rates (BERs) and the eye pattern thus
derived are shown in Fig. 7. Clear eye opening was obtained and
a BER of 10 was achieved at the received optical power
of 18 dBm. No floor was observed in the BER characteristics
plotted as a function of the received optical power. In addition,
the optical power penalty after the 20-km SMF transmission is
as small as 0.2 dB, which indicates that the dispersion penalty
is extremely suppressed. The applicability of the OE-IRM
to fiber-optic millimeter-wave link was thus confirmed. We
should note that its application to other modulation formats or
subcarrier multiplexing is indispensable to clarify the features
of the OE-IRM.

IV. CONCLUSION

We have implemented a 60-GHz optoelectronic image
rejection mixer with an OSSBM device utilized and inves-
tigated its basic performance and application capability to
millimeter-wave radio-on-fiber systems. Fairly high image and
LO rejection ratios of 40 and 20 dB, respectively, have
been achieved successfully. It has been clarified that the IF
bandwidth of a 40-dB IR ratio is rather narrow but the IR ratio
of 20 dB is provided over a bandwidth of 550 MHz, which is
fairly broad considering the IF center frequency of 800 MHz.
It is restricted by the bandwidth of the 90hybrid we used in
this particular experiment, and can be extended. Furthermore,
it has been confirmed that the LO bandwidth of IR40 dB
is as broad as 10 GHz, which would be enough to cover the
unlicensed millimeter-wave band, and is also expected to be
broadened further. Notice that the last result is quite superior
to that of electrical IRMs. In addition, the 155.52-Mb/s-DPSK
59.8-GHz optical millimeter-wave signal thus generated has
been transmitted successfully over a 20-km SMF with a BER
of 10 at the optical received power of 18 dBm and
scarce dispersion penalty (0.2 dB). We believe that the
OSSBM-based OE-IRM is of fairly high performance and will
be useful in future millimeter-wave fiber radio systems.
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