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Multilevel Modulated Signal Transmission over
Serial Single-Mode and Multimode Fiber Links
Using Vertical-Cavity Surface-Emitting Lasers
for Millimeter-wave Wireless Communications

Anthony Nkansah, Anjali Das, Nathan J. Gomes, Senior Member, IEEE, and Pengbo Shen

Abstract— Quadrature phase-shift keying (QPSK), 16
quadrature amplitude modulation (QAM) and 64 QAM data
transmission - Worldwide Interoperability for Microwave Access
(WiMAX) modulation schemes - at 6 MSps and 20 MSps is
demonstrated for a link that emulates a cost effective 1.55um
vertical-cavity surface-emitting laser (VCSEL) based radio over
fiber millimeter-wave indoor pico-cellular system. The system
consists of a concatenation of 20km single mode fiber and 300m
multimode fiber links between a central office and remote
antenna unit and employs remote 30GHz local oscillator (LO)
delivery. Successful transmission over both optical and wireless
paths is achieved with good error vector magnitude (EVM)
performance recorded for both uplink and downlink. The
performance is compared to other demonstrations of multilevel
signal transmission in millimeter-wave over fiber systems.

Index Terms— Radio over fiber system, vertical-cavity
surface-emitting laser, WIMAX, millimeter-wave
communications, pico-cellular systems

I. INTRODUCTION

he increasing demand on current wireless consumer links

has led to proposals for the use of millimeter-wave (mm-

wave) frequencies for broadband wireless [1] - [3], and to
topology proposals where a central office is connected to
remote antenna units via optical fiber links [4] -[13]. At mm-
wave frequencies, the high path loss and attenuation through
man-made and natural objects favors the use of well-defined
pico-cells. As a result, however, larger numbers of remote
antenna units will be required for a given coverage area. For
cost reduction reasons, there is then a requirement for the
remote antenna unit to be of low complexity while a highly
centralized central office is equipped with the more expensive
(shared) optical and mm-wave components. The mm-wave
generation techniques [12], transportation schemes [4] - [15]
and architectural topologies [4], [5], [9], [10], [12], [13] of
these systems will have a significant influence on the final
cost of their deployment. A comparison of systems consisting
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of star/tree and ring architectural topologies was performed in
[4].

Various systems based on either single mode fiber [5] - [7],
[11] - [13], [15] or multimode fiber [7], [8], [14] links have
been proposed and experimentally demonstrated for mm-wave
over fiber applications. Note that only [5], [10] and [11]
conducted full-duplex experiments and the other systems
concentrated on downlink transmissions, except for [9] where
separate downlink and uplink experiments were carried out.
Only [6], [10], [13] and [15] incorporated a wireless path in
their experiments. These experiments will be reviewed in
Section IV.

The aim of this work is to provide a fuller experimental
verification of the system proposed in [9], including the
wireless path. The experimental setup for the proposed
system is described in Section II, whilst the results are
presented in Section Ill. A performance comparison of the
system presented here with previously reported experiments is
presented in Section 1V, and this is followed by conclusions in
Section V.

Il. EXPERIMENTAL SETUP

A. Proposed star-tree architecture

In the proposed star-tree architecture [9], the indoor
picocells are generally located many kilometers from the
central office. As shown in Fig. 1, the central office possesses
multiple arms, where each arm is connected to a cluster. Each
arm from the central office consists of a number of single
mode fiber cable bundles, where each bundle is assigned to a
premises. Each bundle is terminated at a fiber distribution
unit (patch panel), from which individual single mode fibers
service a “region”. The single mode fibers are terminated at a
remote antenna termination unit, from which multimode fibers
service individual remote antenna units. The architecture has
been described in detail in [9].

In this work, an attempt has been made to match the
experimental setup as closely as possible to the architecture
proposed in [9]. Note that the experimental setups for both
uplink and downlink do not have complete central offices,
remote antenna units, etc.; rather a number of components
which provide the relevant sets of functions (but not all
functions, and not for simultaneous uplink and downlink
operation) were implemented in the experiments. The
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experiments for both downlink and uplink have been carried
out for a single remote antenna unit.
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Fig. 1 - Topology of proposed mm-wave radio over fiber system from [9].
Mobile unit (MU), remote antenna unit (RAU), remote antenna termination
unit (RATU), fiber distribution unit (FDU), single mode fiber (SMF),
multimode fiber (MMF).

B. Downlink setup

The experimental setup for the downlink transmission
including the wireless path is shown in Fig. 2. A vector signal
generator was used to emulate the WiIMAX modulation
schemes at an IF of 1.14GHz.

The modulation formats specified in WiMAX 802.16c (10 -
66GHz) [2] consist of QPSK, 16-QAM and 64-QAM
schemes. A Nyquist square-root raised cosine pulse shaping
filter with a roll off factor of 0.22 is used in WiMAX for all
modulation schemes. Note that there are only three symbol
rates (16MSps, 20MSps and 22.4MSps) specified in the
WiMAX 802.16c standards.

A prototype 1550nm single-mode VCSEL was used as the
optical transmitter at the central office. The emulated
WIMAX IF signals (QPSK, 16-QAM and 64 QAM) were
used to modulate the VCSEL. The attenuator used after the
VCSEL is used to represent the insertion loss of a wavelength
multiplexer as proposed in [9], and further attenuation is
incorporated into the link to emulate the losses from
circulators proposed in [9] To generate the optical mm-wave
reference signal, the well-known frequency doubling
technique using a Mach-Zehnder modulator biased at its null
is employed [12], this producing an optical double side band
suppressed carrier (DSB-SC) signal. An uncooled NEC DFB
laser provides the optical signal to the Mach-Zehnder
modulator. The optical mm-wave reference and the attenuated
VCSEL signal were coupled together into a single mode fiber
of length 20km using a 3dB coupler. The 20km single mode
fiber was terminated by a regional splitter (which would be
located at the destination premises) consisting only of the
remote antenna termination unit function. The (low) insertion
loss that would be caused by the fiber distribution unit was not
included in the regional splitter.

The system proposed is cost-effective as the Mach-Zehnder
modulator is shared by eight RAUs (as is the uncooled DFB

laser). As these components are located in the central office,
stable operating temperatures are more readily achievable.

The remote antenna termination unit was made up of
erbium-doped fiber amplifier (EDFA) and an eight port power
splitter with an insertion loss of 10dB. A 300m length of
multimode fiber (of >600MHz.km bandwidth-distance
product at 1300nm) was connected to one of the output ports
of the power splitter via a single mode fiber patch cord using
approximately center launch conditions. The multimode fiber
terminates at the remote antenna unit where the optical signal
was split using a two-way single mode power splitter, as a
multimode power divider was unavailable to us.
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Fig. 2 - Downlink experimental setup including wireless path. Photodiode
(PD), erbium-doped fiber amplifier (EDFA), Mach-Zehnder modulator
(MZM), optical bandpass filter (OBP), single-mode fiber (SMF), multimode
fiber (MMF), remote antenna termination unit (RATU), vertical-cavity
surface-emitting laser (VCSEL), distributed feedback laser (DFBL), effective
isotropic radiated power (EIRP)

For the IF data detection, a single mode tunable optical
band-pass filter was inserted between one of the outputs of the
two-way power splitter and a 3GHz bandwidth, single mode
fiber-pigtailed photodiode. The filter passband was set to
select only the IF data wavelength. The detected IF signal
was amplified and fed to a passive mm-wave mixer. For the
mm-wave detection, a 45 GHz bandwidth, single mode fiber-
pigtailed photodiode with a responsivity of 0.4A/W was used.
Due to the lower responsivity of the mm-wave photodiode,
more optical power was required than was for the IF
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photodiode. Therefore, to avoid additional insertion loss, no
optical filter was used. Although, this meant that the IF signal
was also detected in the mm-wave photodiode, the IF was
effectively filtered out by the following mm-wave amplifiers
which had low frequency cutoffs at 20 GHz. It is suggested
that the system proposed in [9] could also be modified to
eliminate the optical filter prior to the mm-wave photodiode.
The amplified output electrical signals were fed to the mixer.
The 30GHz mm-wave signal acts as the LO for the mixer,
which upconverts the IF signal to the mm-wave band at
31.14GHz.

The upconverted mm-wave signal is then amplified and fed
to a 20dBi horn antenna for wireless transmission. The
downlink effective isotropic radiated power (EIRP) was
20dBm. The mobile receiver consisted of a 21dBi in-house
horn antenna, 15dB mm-wave amplifier, a passive mixer, mm-
wave LO, 20dB IF amplifiers and a vector signal analyzer for
EVM measurements, as shown in Fig. 2. Note that EVM is
specified in the IEEE 802.16¢ standard as a valid performance
measurement.

C. Uplink setup

The uplink experimental setup is shown in Fig.3. At the
central office, a photodiode and amplifier receive the uplink
optical signal. The mm-wave reference optical generation
technique and the remote LO delivery to the remote antenna
unit mm-wave photodiode is the same as for the downlink.
However, an optical 3dB coupler was inserted at the remote
antenna termination unit prior to the EDFA to enable the
uplink signal to be transported over the same single mode
fiber as the reference LO signal. In the original architecture,
as described in [9], an optical circulator is used rather than a
coupler due to lower insertion loss. Again, some component
losses in the uplink architecture of [9] were not emulated as
the prototype VCSEL at the remote antenna unit had low
output power. A lack of enough suitable connectors resulted
in about 9.5dB excess optical power loss in connecting the
multimode fiber to the single mode fiber patch cord of the
power splitter. To compensate for this loss, no 3dB coupler at
the remote antenna unit prior to the mm-wave photodiode was
used, as would be required in the system configuration of [9].

For the uplink wireless transmission, a mobile transmitter
with the 21dB in-house horn antenna transmitted emulated
WIMAX signals at 31.14GHz wirelessly to a remote antenna
unit receiver using the 20dB horn antenna. At the remote
antenna unit, a passive mixer (similar to the one used in the
downlink) is used to down-convert the incoming uplink signal
to IF, using the remotely delivered mm-wave LO. The
resulting IF signal is amplified and is used to modulate the
VCSEL. This modulated optical signal is then coupled via an
optical filter into a separate uplink multimode fiber of length
300m (same specifications as the downlink multimode fiber)
for transport to the regional splitter, as described in [9]. The
optical filter is used to protect the VCSEL from the incoming
downlink optical mm-wave signal, as shown in Fig.3, where a
circulator would be used in the system proposal [9].

The signal exiting the uplink multimode fiber is coupled
into a 20km single mode fiber via a 3dB coupler in the
regional splitter and transported to the central office. The

20km single mode fiber link, thus, simultaneously transported
both the uplink VCSEL signal and the optical mm-wave
reference signal (in opposite directions). At the central office,
the optical uplink signal is detected by a photodiode and
amplified. The EVM of the amplified signal was measured
using a vector signal analyzer, for different experimental
wireless distances.
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Fig. 3 - Uplink experimental setup including the wireless path. Photodiode
(PD), erbium-doped fiber amplifier (EDFA), Mach-Zehnder modulator
(MZM), bandpass filter (BP), single-mode fiber (SMF), multimode fiber
(MMF), remote antenna termination unit (RATU), vertical-cavity surface-
emitting laser (VCSEL), distributed feedback laser (DFBL), effective isotropic
radiated power (EIRP)

I1l. MEASUREMENT RESULTS

A. Phase noise of mm-wave reference

The linewidth and phase noise of local oscillators in up- or
down-conversion configurations can degrade data modulated
signals. For this reason it is essential that the mm-wave over
fiber link has little impact on the remotely delivered mm-wave
LO reference [16], [17].

The frequency of the signal generator at the central office
was set at 15GHz and its phase noise measured with a
spectrum analyzer with external mixer (26.5 — 40GHz). At 10
kHz and 100 kHz offsets, the phase noise was measured to be
-87dBc/Hz and -107dBc/Hz respectively.  After optical
generation of the mm-wave reference signal at 30GHz, the
linewidth and phase noise were measured prior to and after
transmission over the optical link (single mode fiber and
multimode fiber). At the input to the optical link, the
linewidth was measured as 600 Hz (using 300 Hz resolution
bandwidth) and the phase noise was recorded as -80 dBc/Hz
(10kHz offset) and -101 dBc/Hz (100 kHz offset). The phase
noise is expected to increase as 20logN (dB) for the Nth
harmonic. Hence, the phase noise increase is close to the
theoretical 6 dB. The phase noise at the remote antenna unit
was measured to be -80 dBc/Hz (10 kHz offset) and -101
dBc/Hz (100 kHz offset) and the linewidth also remained
unchanged. Thus, the optical link has negligible impact on the
linewidth and phase noise of the remotely delivered mm-wave
signal.
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B. WiMAX EVM requirements

The EVM requirements for a WIMAX base station
transmitter and for a WiMAX receiver are shown in Table |
and Table II, respectively [2]. The minimum symbol rate
specified in the WIMAX 802.16c standards is 16MSps.
However, the two EVM measuring systems used in this work
supported maximum symbol rates of 6MSps and 20MSps
respectively. So, the measurements have been carried out at
these transmission rates only.

The different WiMAX modulation schemes (QPSK, 16
QAM and 64 QAM) were emulated using a vector signal
generator at 1.14GHz for both 6MSps and 20MSps
transmission rates. The quality of the signal from the vector
signal generator, at both 6MSps and 20MSps, was checked
using root mean square (rms) EVM measurements for
different input power levels. The IF signal was then fed to a
VCSEL connected to a photodiode by a short single mode
fiber patchcord (back to back) and rms EVM and output
power were recorded at the photodiode, again for different
input power levels. This enables an investigation of the
dynamic range and signal degradation in the back-to-back
optical configuration for each modulation scheme.

TABLE |- EVM REQUIREMENTS FOR WIMAX BASE STATION TRANSMITTER

Modulation EVM (%)
without equalization with equalization
QPSK 12 10
16 QAM 6 3
64 QAM 3.1 15

TABLE II- EVM REQUIREMENTS FOR WIMAX RECEIVER

Modulation EVM (%) /SNR (dB)
QPSK 32.36/9
16 QAM 10.78/16.8dB
64 QAM 4.64/23

Signal to noise ratio (SNR)

Note that all EVM measurements were conducted without
using an equalizer. Each rms EVM reading was measured
over 2500 symbols on both systems. For the 6MSps symbol
rate, five sets of 100 rms EVM readings, with a 20 second
interval between each set, were recorded using a macro
program. The average and standard deviation was then
calculated over the 500 rms EVM readings. For the 20MSps
rate, only two sets of 20 rms EVM readings, with a 5 minute
interval between the two sets, were recorded manually.

Fig. 4 shows the results for average rms EVM both at the
output of the vector signal generator and after passing through
the back-to-back configuration for the different modulation
schemes at 20MSps.

The results show that the back-to-back configuration only
meets the 64 QAM WiMAX transmitter requirements, shown
in Table I, over the input power level range -15 to -5dBm.
For 16 QAM, the input power has a threshold upper limit of -
5dBm, below which it satisfies the WiMAX transmitter EVM
of 6%, but no lower limit within the measured power range.
The QPSK signal was within the WiIMAX transmitter EVM
specifications of 12% for all power levels even in the VCSEL
saturation region, which can be seen from the plot of the IF

signal power measured at the photodiode.  Multi-level
modulation schemes are very sensitive to inter-modulation
distortion. Thus, the modulation of the VCSEL in its nonlinear
region with multi-level modulation schemes results in poor
EVM as shown in Figs. 4 and 5. The best average rms EVM
readings are obtained at input power levels between -12dBm
and -7dBm for all modulation schemes.

The average rms EVM and power levels for the back-to-
back configuration for the different modulation schemes at
6MSps are shown in Fig. 5. As with the 20MSps signals, the
6MSps signals experience poor EVM when driven into the
VCSEL nonlinear region. However, all modulation schemes
do meet their associated WIMAX transmitter EVM
requirements when driven in the VCSEL linear region. QPSK
allows drive signals well into the laser’s saturation region
while still meeting the EVM limit.
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Fig. 4 — Average rms EVM and power measurement for WiMAX emulated
schemes at 20MSps after the VCSEL and photodiode link (back to back) for
different input power levels.
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C. Downlink performance

The experimental results for the wireless downlink mm-
wave over fiber transmission for the different modulation
schemes at both 6MSps and 20MSps are shown in Fig. 6. The
results show the average rms EVM measured for different
wireless distances. The distance was limited to 4m due to the
size of the measurement laboratory. Distance zero
corresponds to the average EVM at the input of the remote
antenna unit horn antenna (downlink transmitter). The power
to the VCSEL at the central office was set to -12dBm for all
modulation schemes. The EVM requirements for the WiMAX
transmitter, as listed in Table |, set the upper limit for the
downlink transmitted signal at the remote antenna unit. On
the other hand, WiMAX receiver requirements, as stated in
Table 11, are used as the limit for the mobile receiver for the
downlink and at the central office receiver for the uplink.
Only the 64 QAM signal at 20MSps fails the very tight
WIMAX requirements at the downlink transmitter (remote
antenna unit). All the systems pass the receiver EVM
specifications.  Fig. 7 shows the constellation and eye
diagrams for a 1m wireless downlink for the different
modulation schemes. The clear and well defined constellation
and eye diagrams are evidence of the achievement of
successful transmission.

77 - QPSKat 20MSps o~ 16QAM at 20MSps E
-5 64 QAM at 20MSps—v-- QPSK at 6MSps
—--0-- 16QAM at 6MSps <

64 QAM at 6MSps

rms EVM(%)

2 T T T T T T T T T
0 1 2 3 4

Distance (metres)
Fig. 6 — Downlink average rms EVM measurements of emulated WiMAX
schemes for different wireless distances. The lines between symbols are only
an aid for viewing the results and do not represent predicted trends.

D. Uplink performance

The results for the uplink signal transmission are shown in
Fig. 8. At 20 MSps, 16 QAM signals meet the WiMAX
receiver requirement up to a wireless range of 2m. The 20
MSps QPSK signal has an average EVM of 11.1% at the
maximum measurement distance of 3 m. As the WiMAX
receiver limit for QPSK modulation is 32%, a much greater
wireless distance can clearly be achieved for the 20MSps
QPSK signal. The 20 MSps 64 QAM signal, however, fails
the WiMAX receiver requirements.

Fig. 7 — Constellation diagram and eye diagram of 1m wireless downlink for
a) 20MSps 64 QAM data, b) 20MSps 16 QAM data ¢) 20MSps QPSK data
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Fig. 8 — Uplink rms EVM measurements of emulated WiMAX schemes for
different wireless distances. The lines between symbols are only an aid for
viewing the results and do not represent predicted trends.

TABLE Il — UPLINK EVM MEASUREMENTS OF EMULATED WIMAX FIBER-
WIRELESS TRANSMISSION AT 6MSPS (4 METERS)

Modulation rms EVM (%) rms EVM (%) (with
(without amplifier) amplifier)
QPSK 7.2 3.9
16 QAM 5.7 29
64 QAM 6.3 2.8

With 6 MSps modulation, only the 64 QAM signal fails the
WIMAX receiver limit, and only beyond 2m. To increase the
wireless distance by compensating for some wireless path
loss, a 15dB mm-wave amplifier was inserted after the remote
antenna unit horn antenna of Fig.3. A comparison of the
averaged rms EVM measurement results at 6 MSps for the
two cases of with and without the 15dB mm-wave amplifier at
the remote antenna unit for a wireless distance of 4 m is
shown in Table Ill. The results show that the WiMAX
receiver EVM requirement is met for all modulation schemes.
At smaller distances, however, the 15dB additional
amplification will cause the VCSEL to be driven into its


ant
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nonlinear region. As can be observed from Fig. 5, this will
result in poor EVM for all modulation schemes except QPSK
at 6 MSps. This dynamic range problem, in a real system,
could be solved by the central office using dynamic power
control techniques to reduce the transmit power of closer
mobile units.

E. Discussion

The 20MSps/120Mbps 64 QAM uplink transmission did not
meet the WiMAX requirements and the 20MSps/80Mbps 16
QAM uplink transmission only met the requirement for
shorter wireless range. The inclusion of a mm-wave
amplifier would enable longer distance transmission at the
cost of making nearer mobile transmissions fail due to
distortion from overdriving the VCSEL. However, this
dynamic range problem is evident in the back-to-back
measurements of Figs. 4 and 5; in Fig. 4, there is a sudden
increase in EVM as the input power is reduced to -15 dBm,
and in Fig. 5 there is a peak in the measured EVM at around -
15 dBm. Separate measurements confirmed that these
artefacts were particular to the IF photodiode unit being used
(probably due to bias circuit resonances); they were not
apparent when using the mm-wave photodiode to detect the IF
signals. Thus, improved results should be obtainable with a
different photodiode for the IF modulated signal detection.

For the complete mm-wave over fibre link, core mismatch
occurs when the signal from the large core multimode fiber is
coupled into single mode fiber or a photodiode with a small
active area. In the case of coupling to single mode fiber, as
only the fundamental mode from the multimode fiber is
coupled, power penalties will occur. Due to the larger
diameter of the signal beam exiting the multimode fiber, there
will be a coupling loss (and modal noise) problem when using
a photodiode with a small active area. When a core mismatch
problem is combined with a link with a poor dynamic range,
the performance of the overall link degrades dramatically as
observed in the results for the 64 QAM modulation scheme.
A more detailed discussion of the core mismatch problem,
along with suggestions of components to mitigate this, has
been provided in [9]. However, such components have been
unavailable to us while conducting these experiments.

IV. PERFORMANCE COMPARISON OF PROPOSED SYSTEMS

In this Section, the results obtained are compared with those
of other experiments, representing other system architectures.
Mm-wave over fiber systems consist of three elements: the
mm-wave generation scheme, the transportation scheme and
the topology. We confine ourselves to comparisons between
experiments using multilevel modulation schemes for which
EVM results are available (or can be deduced), as shown in
Table IV. Thus, the experiments reported in [10] and [11],
which demonstrated successful transmission of high bit-rate
data (up to 155 Mbps) over full-duplex single mode fiber links
(including a wireless path in [10]) at around 37 GHz and 60
GHz, respectively, are not included as BPSK/DPSK
modulation was used. In addition, the experiment of [12], in
which simultaneous transmission of three downlink signals on
separate wavelengths, and an uplink transmission, and with

single mode fiber and wireless paths included for both
directions of transmission, is not included, as no EVM values
are given; clear constellation diagrams are reported, as has
been achieved in this work (see Fig. 7). Similarly, in [15],
100Mbps QPSK signals were transported over a single mode
fiber link, upconverted to the 60GHz band at the remote
antenna unit, and then transmitted to the mobile unit over a
wireless distance of 4-12m; but, only eye diagrams and no
EVM measurements were reported. Although none of the
schemes compared are identical to that presented here, there
are elements which are similar. Also, the aim for all is to
transmit mm-wave signals to/from mobile units via remote
antenna units and fiber, thus a comparison is useful.

Separate fibers were used for the full-duplex transportation
of downlink and uplink signals in [13] in the emulation of a
bus topology proposal. Three IF modulated optical signals,
each at a different wavelength, were upconverted into the mm-
wave band, by transmission though a Mach-Zehnder
modulator driven by a microwave signal and biased at its null.
The upconverted optical signal was transported to a remote
antenna unit where a tunable optical filter could select any
given wavelength. The electrical signal exiting the
photodetector thus consisted of a mm-wave carrier and two
sidebands. One of the sidebands was filtered and emitted to
the mobile unit wirelessly at a distance of 5m, while the mm-
wave carrier was used to downconvert the uplink signal to IF
before transportation to the central office (in a similar manner
to the uplink transportation of this work). Although, it was
demonstrated that error correction coding can relax signal to
noise ratio and EVM requirements for the same BER, the
results most comparable with this work are those without the
error correction coding, from which an EVM of around 17%
can be inferred for uplink and downlink transmissions over
both single mode fiber and 5m wireless paths.

For the experiments reported in [7] and [8], no topology
was proposed, but the transportation schemes both involved
mm-wave signal generation at the central office followed by
delivery to the remote antenna unit. In [7] the transportation
scheme for both downlink and uplink is the same as in [13]
except that an optical frequency multiplication technique is
used to generate the mm-wave signal. The frequency
multiplication technique is based on harmonic generation
using frequency modulation to intensity modulation
conversion [7], in this case in a Mach-Zehnder interferometer
located at the central office. Experimentally, a carrier at
3GHz and a 24Mbps 16 QAM signal at 200MHz were
transported over different fibers to a remote antenna unit. At
the output of the photodiode at the remote antenna unit, radio
frequency components at every harmonic of the
3GHz+200MHz signal are obtained. An IF filter selects the
lower sideband of the 6" harmonic at 17.8GHz. The fibers
used in the experiments were a 4.4km length of multimode
fiber, and 12.5km and 25km lengths of single mode fiber; rms
EVM recordings of 4.5%, 4.6% and 5.9%, respectively, were
recorded. The values are slightly higher than the equivalent
measurement in this work (3.6%), however, for the multimode
fiber link, a longer length was used in [7] (4.4 km rather than
300 m). Thus, [7] suggests that it may be possible to use a
longer length of multimode fiber for the system in this paper.
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In [8], an electrical mm-wave LO at the central office is
used to upconvert the IF signal before it is optically
transported over the single mode fiber link. The signals
transported were 10Mbps QPSK and 54Mbps 64 QAM
orthogonal frequency division modulation (OFDM) at 20GHz,
over different fibers: single mode fiber of length 2m (back-to-
back), and multimode fiber of lengths 575m and 1km; the rms
EVM results, taking into account bit rates, were of the same
order as those recorded for the fiber link only in this work. As
in [7], the results suggest it may be possible to use a longer
multimode fiber length for the system here. It should be noted
that for the systems of [7] and [8], in which multimode fiber
was employed, no uplink or wireless transmissions were
demonstrated.

The topology proposed in [5] is of a star-tree, with a ring at
the end of each arm of the star-tree interconnecting several
remote antenna units. The transportation scheme used is
similar to that used here, where IF and mm-wave reference
signals are delivered to the remote antenna units. In [5],
experimental results were obtained for the “first” remote
antenna unit in the ring of such a topology; thus, the downlink

distance corresponds to transmission over a 12.8 km star-tree
arm only, whereas the uplink includes a 2.2 km ring (all single
mode fiber). The rms EVM values obtained are well within
requirements, but are higher than those reported here for a
fiber link only. No wireless transmission was demonstrated in
[5].

In [6], there was no particular proposed topology. Wireless
transmission was carried out. The transportation scheme
differs slightly from that used here as the mm-wave signal is
electrically generated at the remote antenna unit. A 2.5GHz
16 QAM IF signal at 155Mbps was transported over a single
mode fiber link of length 25km to a remote antenna unit. At
the remote antenna unit, a mixer with an LO frequency of
57.2GHz was used to upconvert the IF signal to the mm-wave
band at 59.7GHz. The upconverted signal was wirelessly
emitted to a mobile unit at a distance of 2.6m. The rms EVM
obtained at the mobile unit was between 4.7% - 8.4%. The
results are largely consistent with the 16 QAM measurements
presented in this work; our marginally lower rms EVM values
having been achieved for lower data rate and carrier
frequency.

TABLE IV — PERFORMANCE COMPARISON OF PROPOSED SYSTEM WITH OTHER MEASURED SYSTEMS

Data rate/ Fiber link EVM - fiber link Wireless EVM - fiber link and wireless
modulation/carrier only distance path
frequency Uplink Downlink Uplink  Downlink Uplink Downlink
40 Mbps QPSK N/A 2.9% 11.1% 4.7%
80 Mbps 16 QAM N/A 3.9% 11.7% 5.0%
120 Mbps 64 QAM N/A 5.5% 11.0% 5.4%
20km SMF plus 300 m 50-pum 3m
12 Mbps QPSK core MMF N/A 3.0% 3.9% 5.0%
24 Mbps 16 QAM N/A 3.6% 2.9% 4.2%
36 Mbps 64 QAM N/A 2.8% 2.8% 3.9%
31.14 GHz (this work)
7 Mbps QPSK 2.2km SMF  12.8km SMF 7.8% 10.5% N/A N/A
37.6 GHz plus 12.8km
[5] SMF
155 Mbps 16 QAM 25km N/A N/A 26m N/A 4.7-8.4%
59.7 GHz (S/N:19 - 24dB)
6]
10Mbps QPSK 2m SMF 2.2%
575m 62.5-um core MMF 2.4%
1 km 50-um core MMF 2.8%
54Mbps OFDM 64 QAM 2 m SMF N/A 3.8% N/A N/A
20 GHz 575 m 62.5-um core MMF 4.2%
[8l 1 km 50-pum core MMF 4.2%
24 Mbps 16 QAM 4.4km 50-pum core MMF 4.5%
17.8 GHz 12.5 km SMF N/A 4.6% N/A N/A
[7] 25km SMF 5.9%
50Mbps OFDM QPSK 12.8km 21.3km SMF 17.0% 17.2%
59.869GHz for downlink SMF N/A N/A 5m (15.4dB S/N) (S/N: 15.3dB)
and 59.822GHz for uplink
[13]
50Mbps QPSK 300m 50-um core MMF N/A N/A 5m N/A 4.4%
100Mbps 16QAM 4.6%

57.5GHz [14]

Multimode fiber (MMF), single mode fiber (SMF), signal to noise ratio (S/N)
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In [14] a similar transportation scheme to [6] was used, with
an IF signal transported over the optical link and upconverted
using an electrical LO located at the remote antenna unit.
However, [14] included an multimode fiber rather than single
mode fiber link. An inexpensive multimode VCSEL was used
to transmit a 50Mbps QPSK signal at an IF of 0.5GHz over
300m of multimode fiber to a remote antenna unit. A 57GHz
LO was used to upconvert the IF signal at the remote antenna
unit to 57.5GHz. The upconverted signal was wirelessly
transmitted to a mobile unit at a distance of 5m. The
experiment was repeated with a 100Mbps 16 QAM signal at
the same IF frequency of 0.5GHz. The EVM reported for the
50Mbps QPSK and 100Mbps 16 QAM signals were 4.4% and
4.6% respectively. These EVM values are slightly lower than
the equivalent measurement in this paper (4.7% and 5% for
40Mbps QPSK and 80Mbps 16 QAM respectively). Note that
[14] operates at a higher frequency (57GHz) and longer
wireless distance (5m) than the system in this paper.
However, the system here operates over a combined 20km
single mode fiber and 300m multimode fiber path. In [14],
transmission over longer, 600m lengths of multimode fiber
was carried out with no noticeable degradation in
performance.

V. CONCLUSION

A cost-effective, VCSEL-based mm-wave radio over fiber
star-tree architecture has been investigated. The architecture
comprises a central office providing indoor coverage to large
premises, with the signal distribution between central office
and indoor remote antenna units performed using both single
mode fiber, for the longer distance distribution, and
multimode fiber, for the in-building distribution. The physical
layer performance of such a system has been experimentally
verified by successful transmission of QPSK, 16 QAM and 64
QAM signals (as used in the WiMAX standard) at 20MSps
and 6MSps over the mm-wave optical and wireless links for
both downlink and uplink paths. Good signal quality was
received for both symbol rates, as evidenced by the low rms
EVM values obtained, indicating the feasibility of the
architecture. The performance obtained experimentally has
been shown to compare favorably with that obtained for other
mm-wave over fiber system proposals.
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