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Abstract—In this paper the transmission of a 15Gbit/s duobi-
nary signal over a W-band hybrid photonic wireless link is
demonstrated experimentally. The radio-over-fiber link consists
of 10km SMF and a wireless distance of 50m, utilizing RF carriers
at 83–87GHz. Transmission of a 15Gbit/s duobinary signal is
achieved with a BER of 2.9×10-3, i.e. below the limit for a 7%
overhead FEC.

Index Terms—Radio-over-fiber, millimeter-wave communica-
tions, W-band wireless, duobinary transmission.

I. INTRODUCTION

Mobile and wireless connections have evolved to become
the most common data connection, providing access to the
internet anywhere and at any time for billions of users around
the globe [1]. With their abundance and the increased wire-
less use of bandwidth intensive applications—such as video
conferencing, online gaming and cloud storage—however,
come challenges to the availability of link capacity and radio
spectrum. The use of wireless frequencies in the millimeter-
wave (mm-wave) range has been suggested for mobile access,
mobile front-, mid- and backhaul as well as for direct point-to-
point wireless access [2]–[4]. While for indoor, short-distance
wireless distribution the region around 60 GHz is the major
focus [2], the IEEE W-band—i.e. frequencies in the range 75–
110 GHz—is seen as the prime candidate for medium and long
distance mm-wave wireless links, but to its lower atmospheric
absorption [2] and the large continuous spectrum allocations
for wireless communications under light licensing conditions
[5]–[7].

The use of polybinary—or partial response—signaling,
where a correlation between adjacent symbols is introduced to
reduce a signal’s spectral width, was suggested and discussed
in the 1960s [8]–[10] and has more recently attracted signif-
icant interest as a possible candidate to increase the capacity
available from severely band-limited channels [11]–[18].

In this paper duobinary signaling is employed for high
data rate transmission over a mm-wave radio-over-fiber (RoF)
link consisting of 10 km ITU-T G.652 [19] standard single
mode fiber (SMF) and a wireless distance of 50 m. Photonic
upconversion allows direct generation of radio frequency (RF)
signals in the IEEE W-band, carrying the duobinary signal,
while a balanced mixer is employed at the receiver for signal
downconversion. Transmission of a 15 Gbit/s duobinary signal
is achieved with a bit error rate (BER) below the limit of

a commercial 7 % overhead forward error correction (FEC),
demonstrating the viability of duobinary signaling to increase
the capacity achievable in mm-wave RoF links without signif-
icantly increasing complexity. Demonstrating transmission at
data rates of 11.6 Gbit/s, 12.5 Gbit/s and 15 Gbit/s the system
lends itself ideally as a wireless bridge, allowing the transport
of ITU-T G.709 OTU2, OTU2e and OTU2f signals [20] while
allowing for a sufficient overhead.

The remainder of this paper is structured as follows: sec-
tion II discusses duobinary signal generation and the signals
employed in the experiment, section III discusses the trans-
mission setup, while section IV presents and discusses the
achieved results. Section V finally summarizes and concludes
the paper.

II. DUOBINARY SIGNALING

In polybinary signaling, a correlation between adjacent
symbols is introduced to reduce a signal’s spectral width,
while maintaining the symbol and data rate. The correlation
between the adjacent symbols may be introduced digitally by
transmitting a sequence {ck} with M signal levels, where each
symbol is the algebraic sum of the current and M−2 previous
bits of the bit sequence {bk}

ck =

M−2∑
i=0

bk−i (1)

or through strong filtering of the signal—in digital signal
processing or with the help of analog filters. The bit sequence
{bk} is obtained from the input bit sequence {ak} through a
pre-coding, applied in order to prevent error propagation and
to facilitate easy symbol by symbol detection at the receiver
[9]:

bk = ak ⊕ bk−1 ⊕ bk−2 ⊕ . . .⊕ bk−M+2 (2)

(where ⊕ represents the exclusive-or binary logic). A simple
symbol-by-symbol detector performing the modulo 2 opera-
tion on the value of the elements of the received sequence
{ĉk} then allows the receiver to gain an estimate {âk} of the
original bit sequence {ak}:

âk = ĉk mod2 (3)

Obviously a combination of the digital pre-coding and mul-
tilevel signal generation with a digital or analog filter may
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Fig. 1. Normalized spectrum of the generated filtered duobinary signal at
a speed of 15 Gbit/s, compared to the normalized specra of an unfiltered
duobinary signal and an NRZ signal of the same data rate.

combine the advantage of preventing error propagation with
that of achieving a stronger suppression of the signal compo-
nents outside the desired range.

In the presented work a number of duobinary signals—i.e.
the simplest case of polybinary signaling with M = 3—is
generated according to Eqs. (2) and (1) and digitally filtered
to half the signal baud rate. The thus generated signals have
half the 3 dB bandwidth of non-return to zero (NRZ) of the
same bit- and baudrate, but further feature a much increased
suppression at higher frequencies, as observed in Fig. 1.

In the presented case of a 15 Gbit/s signal, 3 dB bandwidths
of 10 GHz and 5 GHz are observed for the NRZ and duobi-
nary signals respectively, while the filtered duobinary signal
additionally features a 10 dB bandwidth of only 7 GHz.

III. EXPERIMENTAL SETUP

The experimental setup used to demonstrate high-capacity
duobinary transmission over a hybrid photonic-wireless link is
schematically shown in Fig. 2 and consists of three sections
that are linked by fiber and wireless transmission respectively.
An optical signal with two spectral lines spaced at the desired
frequency of the radio carrier fRF and carrying the duobinary
signal is generated at the transmitter station—the equivalent
to an optical line terminal (OLT) in a passive optical network
(PON). The signal is transmitted through 10 km of ITU-T
G.652 standard single mode fiber (SMF) to the optical to radio
frequency (RF) conversion station, converting the signal to a
mm-wave RF signal and constituting the equivalent of a radio
access unit (RAU). The RF signal is transmitted wirelessly over

a distance of 50 m to the wireless receiver which downconverts
the signal and analyzes transmission quality in terms of bit
error rate (BER). The setup of the different stations is described
in detail in the following sections.

A. Optical Signal Generation

The optical signal is generated by an external cavity laser
(ECL) at λ = 1550 nm, followed by a Mach-Zehnder mod-
ulator (MZM) biased at its minimum transmission point and
driven from a vector signal generator (VSG) with a sinusoid
at a frequency of fRF /2, generating the second harmonic
and thus resulting in two spectral lines spaced at fRF . After
amplification in an erbium doped fiber amplifier (EDFA) the
spectral lines are separated with the help of an arrayed
waveguide grating (AWGG), allowing one to be modulated in
a second MZM driven with the duobinary data signal.

The latter was digitally produced—as discussed section II—
from a pseudorandom bit sequence (PRBS) with a length of
215−1 bits and generated with an arbitrary waveform generator
(AWG), converted to an unbalanced signal with a balun (BAL)
and amplified to achieve a voltage swing sufficient to drive
the MZM. On the second arm a variable optical attenuator
(VOA) allows adjustment of the optical power to achieve a
balance between the two sides before they are coupled and
amplified by another EDFA for transmission. A second VOA
allows control of the launched power and thus the power at
the optical-to-RF conversion stage after transmission through
10 km of ITU-T G.652 SMF.

For laboratory convenience the optical signal generation
station is housed in a half-size rack, shown in Fig. 3(a).

B. Optical to Radio Frequency Conversion

The optical to RF conversion station is designed for min-
imum complexity and consists of a high-speed photodiode
(PD) with a 3 dB bandwidth of 90 GHz and a responsivity of
0.5 A/W on which the RF signal is generated through beating
of the two optical lines, followed by a medium power amplifier
(MPA), boosting the RF signal by 10 dB; both PD and MPA
are shown in Fig. 3(e). Wireless transmission over a distance of
50 m with a pair of parabolic antennas—providing an antenna
gain of 48 dBi each—links the wireless transmitter to the
receiver station. The wireless path, transmitter and receiver
antennas are shown in Figs. 3(b)–(d) respectively.
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Fig. 3. Laboratory setup for duobinary transmittion in W-band; (a) optical
signal generation, (b) optical to RF conversion station and transmission path,
(c)–(d) transmitter and receiver parabolic antennas, (e) PD and MPA at optical
to RF conversion, (f) LNA mixer and frequency doubler at the wireless
receiver.

C. Wireless Receiver and Signal Processing

The received RF signal is amplified by 20 dB using a
low noise amplifier (LNA) before it is downconverted to an
intermediate frequency (IF) at fIF = fRF −fLO in a balanced
mixer. The local oscillator (LO) for the mixer is obtained
from a passive frequency doubler, driven with a sinusoid at
fLO/2 from a second VSG; the combination of LNA, mixer
and frequency doubler is shown in Fig. 3(f). A blocking
capacitor blocks any direct-current, before the resulting IF
signal undergoes a final amplification and is recorded on a
digital storage oscilloscope (DSO) for offline processing.

The signal processing consists of a Costas loop [21] for
carrier frequency recovery to allow conversion of the IF signal
to baseband, after it was band-filtered for noise bandwith
reduction. The baseband signal is further low-pass filtered and
downsampled, before being equalized in a decision feedback
equalizer (DFE) with 32 feed forward and feedback taps.
Duobinary decoding is performed with a modulo two operation
as discussed in Eq. (3) and finally the BER is determined
through error counting over four recorded sequences with a
length of more than 0.1 MSymbol each.

IV. PERFORMANCE MEASUREMENTS AND DISCUSSION

To evaluate the performance of duobinary transmission over
a W-band hybrid photonic wireless link with the presented
setup, a number of signals are generated with data rates be-
tween 11.6 GHbit/s and 20 GHbit/s. The RF carrier frequency
fRF and LO frequency fLO are adjusted to allow an IF large
enough to support the data signal; an overview of the signal
speed and frequency configurations tests is given in Table I.

Fig. 4 shows the spectrum of the 15 Gbit/s duobinary spec-
trum on its 9 GHz IF carrier, showing a heavily distorted upper
sideband and a significant mixing component at the harmonic

TABLE I
EMPLOYED DATA RATES, CORRESPONDING RF, LO AND IF FREQUENCIES

AND RESULTING BER AFTER TRANSMISSION

Data Rate fRF fLO fIF min. BER
[Gbit/s] [GHz] [GHz] [GHz]

11.6 83 75 8 2.3 × 10−4

12.5 83 75 8 3.9 × 10−4

15.0 84 75 9 2.9 × 10−3

16.0 85 75 10 7.2 × 10−3

20.0 87 75 12 1.3 × 10−1
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Fig. 4. Spectrum of the 15 Gbit/s duobinary signal at an IF of 9 GHz.

of the IF. The latter is removed by bandpass filtering around
the signal before donconversion, while the equalizer may
reduce the impairments from the non-flat frequency response
of the employed RF components—especially the balanced
mixer.

Despite the heavy distortions transmission of duobinary
signals of 11.6 Gbit/s, 12.5 Gbit/s and 15 Gbit/s with BERs
below the limit for a commercial 7 % overhead forward error
correction of 3.8× 10−3 is achieved as shown in Fig. 5. For
a 16 Gbit/s duobinary signal the observed BER of 7.2× 10−3

would require a FEC with a larger overhead, e.g. a 25 %
overhead FEC; the minimum BER observed for all employed
configurations is further shown in Table I. The rapid decline
in transmission performance for a comparably small increase
in data rate is due to a strong dip in the mixer frequency
response, which with the increased IF and signal bandwidth
falls in the required signal band; further causing any signal
of even wider bandwidths to be completely irrecoverable—as
seen for the 20 Gbit/s signal in Fig. 5.

Fig. 5 further shows only small improvements to be gained
from an increase in optical power on the PD—and thus an
increased RF transmitter power,—suggesting the link to be
limited by frequency distortions, rather than the available
power. As these frequency distortions stem from the mixer and
amplifiers at the receiver, an increase in transmission distance
well beyond the mark of 100 m is expected to be within the
capabilities of the presented setup as a further 3 dB in optical
power were available [22].

With transmission rates of 11.6 Gbit/s and 12.5 Gbit/s the
system would be able to directly transport streams at the data
rates for ITU-T G.709 OTU2, OTU2e and OTU2f signals [20]
while allowing a sufficient overhead for encapsulation and a
7 % overhead FEC. The system would thus directly enable a
wireless bridge for any optical system carrying signals such
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as SONET/SDH OC-192, STM-64 [23], 10G Ethernet [24] or
10G Fibre Channel [25].

V. CONCLUSIONS

This paper demonstrates the use of duobinary signaling to
extend the capacity available from a bandwidth limited hybrid
phtonic wireless link the W-band. Transmission with a BER
below the limit for a commercial forward error correction with
7 % overhead is experimentally demonstrated for duobinary
signals with speeds of up to 15 Gbit/s on a radio-over-fiber
link consisting of 10 km standard single mode fiber and a
wireless distance of 50 m. The transmission link is found to
be limited by frequency distortions from the receiving RF
equipment and an increase in wireless distance to 100 m and
beyond is expected to be within reach of the system.

Demonstrating transmission at data rates of 11.6 Gbit/s,
12.5 Gbit/s and 15 Gbit/s the system lends itself ideally as a
wireless bridge, allowing the transport of ITU-T G.709 OTU2,
OTU2e and OTU2f signals while allowing for a sufficient
overhead.
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