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Simultaneous Modulation and Fiber-Optic
Transmission of 10-Gb/s Baseband and

60-GHz-Band Radio Signals
on a Single Wavelength

Tomotada Kamisaka, Toshiaki Kuri, Member, IEEE, and Ken-ichi Kitayama, Senior Member, IEEE

Abstract—A simultaneous modulation and fiber-optic trans-
mission of a 10-Gb/s baseband signal and a 60-GHz RF signal
with 155-Mb/s differential-phase-shift-keying (DPSK) data on
a single wavelength is investigated. To the authors’ knowledge,
it is experimentally demonstrated for the first time that both a
10-Gb/s on–off-keying baseband signal and a 60-GHz RF signal
with 155-Mb/s DPSK data are simultaneously modulated with
a single optical modulator and transmitted over 40-km-long
dispersion-shifted fiber (DSF). There exists the received optical
power capable of achieving a bit error rate of 10 9 simultaneously
for both the RF and baseband signals. The degradations due to the
nonlinearity of the electroabsorption modulator for the baseband
and RF signals are also investigated theoretically and clarified
numerically.

Index Terms—Electroabsorption, fiber-to-the-home, millimeter-
wave technology, optical fiber communication, radio access net-
works.

I. INTRODUCTION

F IBER-TO-THE-HOME (FTTH) networks will break the
last mile bottleneck in optical access networks, and the de-

mand for broader bandwidth will be further accelerated. There
are several options in broad-band use for FTTH systems: one
is the large-capacity transmission at baseband, and the other si-
multaneously uses the baseband and passband in a higher RF
carrier. There is an international initiative, the Full Service Ac-
cess Networks (FSAN), that has set a standard for the access sys-
tems supporting a full range of the narrow-band and broad-band
services [1]. Recently, this type of scheme has been reported
[2]–[5]. In addition, there will be also a growing demand for
portable or mobile access, that is,wireless last hop, not only to
provide broader bandwidth but also to resolve the scarcity of
available RF resources; to this end, millimeter-wave technolo-
gies are rapidly being developed. The only feasible option to
connect the central control station and many microcellular or
picocellular antenna base stations in millimeter-wave wireless
access systems is the so-calledradio-on-fibertechnique [4]–[6].
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Fig. 1. Fundamental configuration.

In this paper, we will investigate both experimentally and
theoretically a simultaneous modulation and fiber-optic trans-
mission of a multigigabit baseband signal and a millimeter-
wave-band RF signal on a single wavelength. An electroabsorp-
tion modulator (EAM) was adopted as the electrical-to-optical
(E/O) converter in a wide range from dc to 60-GHz band [7].
The method is distinct from that in [2] in that it combines dig-
ital baseband data and subcarrier signals. It also differs from the
method in [3] and [4] in that the two different data signals are
transmitted independently at baseband and subcarrier. In addi-
tion, unlike the method in [5], our method uses a higher data rate
and RF carrier. To the authors’ knowledge, it is experimentally
demonstrated for the first time that a 10-Gb/s baseband signal
and a 60-GHz-band RF signal are simultaneously modulated by
a single EAM and transmitted on a single wavelength over a
40-km-long dispersion-shifted fiber (DSF).

II. SIMULTANEOUS MODULATION AND

FIBER-OPTIC TRANSMISSION

Fig. 1 shows the conceptual configuration. A sum of a base-
band signal, [ or ] and a millimeter-wave-band RF
signal with a carrier frequency of and the data of [
or ] is put into the E/O converter as a modulating signal. This
is expressed by ,
where and are the amplitudes of the RF and baseband sig-
nals, respectively. Here, it is assumed that the RF and baseband
signals are separable.

An optical carrier (power: , frequency: , phase noise:
) is intensity-modulated with . The modulated op-

tical signal after the fiber-optic propagation (length:) is given
as [10]

(1)

(2)

(3)
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where represents the intensity modulation
with the chirp effect (parameter:). To avoid overmodulation,

should be less than 1. Therefore, is satisfied.
The propagation constant is approximately given as

[11]. Here,
corresponds to the group delay time, and is
satisfied, where , , and are the dispersion and the wave-
length in the fiber and the velocity in the vacuum, respectively.

When is small, is approximated as

(4)

(5)

(6)

(7)
To concentrate on the serious dispersion effect on the RF signal,
the dispersion effect on the baseband signal is neglected. Then,
the photocurrent becomes [9]

(8)
where is the responsivity of the O/E and

(9)

As the dc and the double-frequency components are not of in-
terest here, they are filtered out. Note that . It can be
seen from (8) and (9) that the baseband dataaffect the am-
plitude of the RF component [the first term of (8)], while nothing
affects the baseband data [the second term of (8)].

III. EXPERIMENTS

A. Setup

Fig. 2 shows the experimental setup. In the transmitter, a
baseband signal (9.95328 Gb/s, PRBS ) is gener-
ated from a pulse pattern generator (PPG), amplified, and fil-
tered by a low-pass Bessel filter (LPF) with a cutoff frequency
of A 60.0-GHz RF signal (155.52-Mb/s, PRBS )
is also generated with a PPGand a differential-phase-shift-
keying (DPSK) modulator. The amplified RF signal is combined
with the baseband signal. The optical carrier ( 1550.4 nm)
is modulated with a 60-GHz-band EAM [7] by the combined
signal. The measured extinction ratio of the EAM used for the

Fig. 2. Experimental setup.

Fig. 3. Extinction ratio of the EAM used.

wavelength of 1550 nm is plotted in Fig. 3. The bias of the EAM
was set to 2.7 V, which was optimized to maximize the power
of the photodetected RF signal with no baseband signal. The
measured chirp parameterwas about 0.75 by using the tech-
nique in [9]. The 60-GHz-band return loss ( ) is suppressed in
the 3.5-GHz bandwidth because the EAM was designed to opti-
mize at around 60 GHz [7]. As shown in Fig. 4, it was also exper-
imentally confirmed that there exists no serious degradation in
the response ( ) from dc to 20 GHz, and an optical link loss of
less than 40 dB is achieved. The modulated optical signal is am-
plified by an erbium-doped fiber amplifier (EDFA). The optical
attenuator is inserted to control the transmitting optical power.
A 40-km-long DSF ( ps/nm/km at 1550.4 nm) was
used as a fiber-optic link for the purpose of reducing the fiber
dispersion problem as much as possible, instead of using other
dispersion compensating techniques [8]. In the remote base sta-
tion (BS), the received optical signal is detected by a photode-
tector (PD) and then demodulated separately for the baseband
and RF signals. Finally, the bit error rates (BERs) of the base-
band and RF signals are measured by BER testers (BERTand
BERT ), respectively.

B. Results

Fig. 5 shows the measured BERs after the 40-km-long DSF
transmission and for the back-to-back transmission. BERs of

for the RF and baseband signals after the DSF transmis-
sion were achieved for the received optical powers of5.7 and

7.4 dBm, respectively. No BER floor was observed for both
cases. Surprisingly, the BERs for the back-to-back transmission



KAMISAKA et al.: SIMULTANEOUS MODULATION AND TRANSMISSION OF BASEBAND AND RADIO SIGNALS 2015

Fig. 4. Measured return loss and its frequency response.

were worse than that for the DSF transmission. The penalties
were about 0.9 and 0.6 dB for the RF and baseband signals, re-
spectively. This is presumably due to the interplay between the
chirp of EAM and the fiber group-delay dispersion. It was nu-
merically confirmed that the chirp effect on the baseband and
RF signals rather enhance the receiver sensitivities by 1.0 and
0.55 dB, respectively, and those values are very close to the
power penalties of the measured BERs.

Fig. 6 shows the received optical powers to achieve a BER
of for the RF and baseband signals. For the RF signal, by
increasing the input RF voltage, the required optical power de-
creases for a constant input baseband voltage. For the baseband
signal, the required optical power also decreases for a constant
input RF voltage as the input baseband voltage increases. It is
also noteworthy that the better BER performance is expected
without the counterpart. More details will be discussed in the
next section. From Fig. 6, there exists the received optical power
capable of achieving a BER of simultaneously for the RF
and baseband signals. As the received optical power becomes
larger, the margins of and to simultaneously achieve
BERs of for both baseband and RF signals become wider.

IV. DISCUSSION—ESTIMATION OF SIGNAL DEGRADATION DUE

TO NONLINEARITY

Fig. 7 illustrates the distortion affected by the nonlinearity
of the EAM. To simplify the theoretical investigation, the chirp
of the EAM and the fiber dispersion are neglected ( and

). We use the exponential model for the extinction ratio
of the EAM

(10)

(11)

When [ ] represents the amplitude of the RF signal
( ) in voltage and it is small, is
approximately rewritten as

(12)

Fig. 5. Measured BERs: (a) for RF signal and (b) for baseband signal.

Fig. 6. Received optical power to simultaneously achieve BERs below10 .

Fig. 7. Nonlinear extinction ratio and distortion to signals.

(13)

(14)
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Here, , where is the bias voltage to max-
imize the photodetected RF power with no baseband signal.
From (1) and (12), the photocurrent at around is

(15)

The bias voltages of the RF signal swings between the high
and low levels of the baseband signal, and

, where [ 0] is the amplitude of bipolar
baseband signal in voltage and satisfies . The
photocurrent of the baseband at the peak and the bottom are
given, respectively, by

(16)

(17)

Taking care of the subcarrier modulation, the average power of
the photodetected RF signal becomes

, where is the load resistance and the equally probable
“0”s and “1”s are assumed. To estimate the degradation of RF
signal, we introduce the ratio

(18)

The reason why does not depend on is that the linear
response for the RF signal is assumed under for simple
estimation [see (12)]. We calculated the fitting curve with the
measured extinction ratio (Fig. 3) and the fourth-order polyno-
mial in the approximation for (10). , , , and were 3.14

10 , 2.50 10 , 3.04 10 , and 1.37 10 , re-
spectively. Fig. 8(a) shows the numerical result of . From
the characteristic of exponential function, the slope of the ex-
tinction ratio at or is less steep than that at , be-
cause is usually set at the point of maximum slope. This
is why the power of the photodetected RF signal at or
is weaker than that at . In addition, the larger the input am-
plitude of baseband signal, , becomes, the smaller
gets. This analysis verifies the experimental result in Fig. 6 that
by increasing the input baseband voltage the power penalty of
RF signal increases for a constant input RF voltage.

The detected levels of the baseband signal will be also de-
graded by the RF signal, as shown in Fig. 7. In this case, the
nonlinear response for the RF signal is considered. By averaging
for each level of the baseband signal, the photocurrents for the
high and low levels and are, respectively,

(19)

(20)

The average power of the photodetected baseband signal for
the high and low levels, and , are given by

and , respectively. Fig. 8(b) shows

(a)

(b)

Fig. 8. Degradation for (a) RF and (b) baseband signals.

the numerical result of the degradation for the baseband signal,
, which is defined as

(21)

and are offset from the ideal values,
and , due to the RF signal (Fig. 7). The larger the
input amplitude of the RF signal, , becomes, the smaller

becomes. This analysis verifies the experimental result
in Fig. 6 that increasing the input RF voltage increases the power
penalty of the baseband signal for a constant input baseband
voltage.

V. CONCLUSION

The simultaneous modulation and fiber-optic transmission of
both a 9.95328-Gb/s baseband signal and a 155.52-Mb/s-DPSK
RF signal at 60 GHz on a single wavelength over a 40-km-long
DSF has been investigated both experimentally and theoreti-
cally. To the authors’ knowledge, this was the first investigation
of the simultaneous transmission with the 60-GHz-band EAM
module that achieved BERs of less than simultaneously
for the baseband and RF signals. The performance degradations
due to the undesired nonlinearity of the EAM have also been
investigated theoretically and clarified numerically. As a result,
the numerical tendencies agreed with the experimental results.

This technique will serve to effectively provide wide band-
widths both with FTTH and wireless access systems in the fu-
ture.
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