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Abstract: We demonstrate full-duplex analogue transmission of mm-wave radio at 29.3/34.3GHz using an EML
to simultaneously perform coherent downlink detection and uplink transmission at the RRH. We further
introduce photonic down-conversion of the uplink to simplify its frequency translation while eliminating
dispersion-induced fading over 15km reach.

Introduction

Beyond-5G radio networks seek for elevated carrier frequencies to boost the wireless capacity while enabling
new deployment scenarios such as mm-wave backhauls in fiber-scarce plants or heterogeneous radio networks
augmented by small cells performing beam-centric communication to realize a high-rate data shower [1].
Towards this direction, the simplification of the remote radio head (RRH) as the distributed field element of
radio access networks calls for analogue radio-over-fiber (RoF) techniques [2]. Earlier works have proposed
photonic up-conversion techniques to several RF bands [3-10], remote modulation schemes [11] or coherent
transceiver elements based on electro-absorption modulated lasers (EML), which up to now has only been
proven to support full-duplex radio transmission in the sub-6GHz band, yet over a single wavelength [12] and
even a single RF carrier frequency [13].

In this work, we advance coherent analogue RoF transmission with a full-duplex EML transceiver as
simplified optical RRH interface to the mm-wave band and prove, for the first time, that the same methodology
enables optical frequency translation at the central office (CO), thus reducing its complexity by omitting RF
down-conversion and making the analogue RoF transmission robust to dispersion-induced fading. We prove
these points through full-duplex radio transmission at 34.3/29.3 GHz over an optical budget of 18.7 dB and a 15
km reach.
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Fig. 1. RoF architecture and spectrally paired down-/uplink.

Concept and Experimental Setup

As a path towards simplification of RRH optics, we adopt a single EML device as an opto-electronic mm-wave
transceiver, as discussed in in Fig. 1, together with the corresponding spectral configuration. As demonstrated
earlier for the sub-6GHz band [14], coherent homodyne detection of an analogue RoF downlink (DL) signal and
transmission of an uplink (UL) RoF signal can be accomplished simultaneously: The optical carrier A of the
downlink RoF signal is used to injection-lock the distributed feedback (DFB) laser section of the EML. The DFB
laser serves as local oscillator LOrrn = A for coherent homodyne detection of the downlink radio signal. The
high-bandwidth (40G rated) electro-absorption modulator (EAM) is not only used as a photodiode but also as
the uplink modulator. Crosstalk y from the orders-of-magnitude stronger uplink signal at the transmit branch of
the RRH is mitigated through a paired radio spectrum, which dedicates two different mm-wave carriers to the
down-/uplink channels [15], allowing for a directional split implemented by means of frequency division



duplexing (FDD). Additionally, we simplify the analogue RoF reception by means of photonic down-conversion
of the uplink mm-wave radio signal to a sub-6GHz carrier frequency at the CO. This is accomplished with a
second coherent EML receiver at the head-end, whose LOco is locked much closer to the uplink OFDM signal
through appending a virtual carrier (VC) that is synchronized with the LOco (rather than the optical uplink
carrier A). With this, the OFDM signal after photodetection is yielded at a rather low intermediate frequency
(IF). This mitigates the need for RF mixers and mm-wave carrier generation. It further renders the double-
sideband uplink RoF transmission robust to dispersion-induced penalties because of the filtering of one
modaulation sideband through the frequency-selective coherent detection.

The experimental setup is shown in Fig. 2a. At the CO, the downlink OFDM signal is up-converted to a mm-
wave carrier in the Ks-band and modulated onto an optical carrier at A = 1539.2 nm, using a Mach-Zehnder
modulator (MZM). A 50/100 GHz interleaver (IL) is inserted to obtain optical single-sideband (SSB) transmission
to mitigate dispersion-induced signal fading during downlink photodetection. The signal is then launched
through a filterless optical distribution network (ODN) towards the RRH. The ODN is composed by a dual feeder
with a length of 14.3 km and a 1-km drop segment, using a circulator as the direction split.

At the RRH, an EML performs the conversion between optical and RF domain through simultaneous
coherent downlink detection and uplink transmission, as described earlier. The directional split in the RF
domain is performed through a mm-wave diplexer (DPX). At the mobile equipment (ME), the downlink at the
higher Ka-band and the uplink in the lower Ka-band are down-/up-converted through RF-based mixers. Wireless
transmission between RRH and ME has been omitted to investigate the penalties arising exclusively at the
optical layer.

The employed EML is a butterfly-packaged device with a 3dB bandwidth of 33 GHz (Fig. 2a). Its EAM section
is biased at -1.2V and the input polarization state of the downlink signal is optimized with a manual polarization
controller, though a diversity architecture can be employed to mitigate polarization control [16]. The internal
isolator that is co-packaged with the EML prevents efficient downlink detection since it features an isolation of
35.2 dB that we characterized similar as in [17]. For this reason, we have employed an EDFA in the downlink
feeder of the ODN to overcome the reverse isolator loss. The received optical power (ROP) is then referred to
the optical power level after passing the isolator reversely, at the input of the EAM section (see ROPp. in Fig.
2a). In a practical scenario, where an EML is used without co-packaged isolator, the EDFA could be omitted.
Besides, the circulator at the ODN with preceding variable optical attenuator (VOA) would be substituted by a
2xN tree splitter.

At the uplink receiver of the CO, we employ a SOA-preamplified direct-detection PIN receiver with
subsequent RF down-converter and an EML-based coherent receiver providing the required means for
photonic down-conversion. For the latter, an EDFA is again used to overcome the reverse isolator loss of the
employed 10G butterfly EML.

The transmitted mm-wave signal spectra are reported in Fig. 2b for the downlink (6) at 34.3 GHz and the
uplink (v) at 26.1 GHz. The OFDM signals had 128 sub-carriers over a bandwidth of 500 MHz, which were
independently loaded with 16-QAM. Moreover, we append a VC (¢) at 25.8 GHz at a power of +8 dB relative to
the OFDM signal, in order to compose a second uplink signal o at 29.3 GHz for photonic down-conversion to an
IF carrier at fir = 3.5 GHz while ensuring sufficient VC power to lock the EML.
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Fig. 2. (a) Experimental setup. (b) RF spectra for the downlink d, the uplink v and the uplink o with appended virtual carrier ¢.

Results and Discussion
We have evaluated the down- and uplink performance as a function of the received optical power (ROP) for
half- and full-duplex transmission in a back-to-back scenario and with fiber-based ODN. The received RF signal



spectrum in the downlink branch of the RRH (6 in Fig. 2a) is presented in Fig. 3a, together with the two
transmission windows Topx of the mm-wave diplexer used for FDD with a cross-over point at 32.9 GHz. The
downlink A at 34.3 GHz shows a good SNR after coherent optical signal reception of the analogue RoF signal.
When switching on the uplink power amplifier (/7 in Fig. 2a) at the diplexer input without applying the uplink
OFDM signal, we see the PA background noise 7t arising at the cross-over point between the up- and downlink
bands. Activation of the uplink signal at 26.1 GHz confirms that its crosstalk note x in the downlink branch of
the RRH is well suppressed by the high rejection of >40 dB of the diplexer, resulting in a similar RF power as the
downlink. This permits data acquisition without dynamic range limitations.

The downlink EVM is shown in Fig. 3b. We accomplish a low EVM of 4.1% for half-duplex back-to-back (b2b)
transmission without uplink (¢). The clean 16-QAM OFDM constellation proves the correct coherent homodyne
detection in terms of frequency and phase stability during opto-electronic mm-wave signal conversion at the
RRH, which is supported by the low required ROP of -30 dBm to ensure stable locking of the EML for
temperature-stabilized DFB emission [12, 17]. The EVM antenna limit at 12.5% is surpassed at -19.8 dBm. In
case of full-duplex transmission (A), there is a 0.5% EVM increase at high ROP, while the sensitivity at the EVM
limit degrades by 0.4 dB. This confirms the excellent uplink rejection at the directional split of the RRH. With a
fiber-populated ODN (e,A), we obtain a similar sensitivity as in the back-to-back case. There is no significant
dispersion-induced penalty observed due to optical SSB downlink transmission. Even though the EVM at higher
ROP levels worsens to 6.1%, the EVM falls still well below the antenna limit.

The uplink EVM is presented in Fig. 3c for direct detection using a SOA+PIN receiver and RF-based down-
conversion. We obtain a low EVM of 2.2% for back-to-back transmission for both, half-duplex (o) and full-
duplex (o) transmission in presence of a downlink signal. The sensitivity at the EVM antenna limit is -29.7 dBm.
However, since no optical SSB filter shall be applied at the RRH transmitter due to complexity considerations,
the dispersion-induced fading in the mm-wave band for a fiber-based ODN is significant: It leads to a sensitivity
penalty of >6.8 dB at the EVM limit (®,m) and strongly increases the minimum EVM to 8.8%.

We then applied photonic down-conversion at the EML-based coherent homodyne uplink receiver of the
CO to select only one of the modulation sidebands of the optical uplink signal while providing frequency
translation to an IF in the sub-6GHz range at the same time. Figure 4a presents the spectral configuration for
the uplink signal and the LOco of the EML receiver, which is centered on the lower mm-wave modulation
sideband spaced by fmm from the optical carrier A. The EML is then optically locked on the VC that has been
appended to the uplink OFDM signal (see ¢ in Fig. 2b), leading to a received OFDM signal that is down-
converted to the IF at fir = 3.5 GHz (see inset in Fig. 4a). The EVM performance is reported in Fig. 4b. Even
though the back-to-back reception sensitivity is moderate with -16.2 dBm at the EVM antenna limit (o), which
together with the uplink launch of 2.5 dBm from the RRH permits an optical budget of 18.7 dB. Further
improvement is expected for chip-based EML samples without isolator. More importantly, we can see that the
dispersion-induced penalty has been fully recovered (®). Moreover, the clean 16-QAM OFDM constellations
prove the correct optical frequency translation due to joint (/) coherent homodyne detection and (ii) photonic
down-conversion of the mm-wave OFDM signal to an IF of 3.5 GHz without requiring an RF mixer.
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Fig. 3. (a) Received RF spectra at the downlink branch ¢ of the RRH. (b) Downlink and (c) uplink EVM performance.
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Fig. 4. Photonic f-translation. (a) Uplink spectrum. (b) EVM.

Conclusion

We have demonstrated full-duplex analogue mm-wave radio transmission at 34.3/29.3 GHz over a budget of
18.7 dB and a reach of 15 km, proving good signal integrity and a low EVM in combination with EML transceiver
optics and simplified uplink reception involving photonic down-conversion. Scaling up to higher RF bands would
require high-bandwidth EAMs, as demonstrated up to 100 GHz. RoF transmission over a filterless ODN permits
a smooth wireline-wireless integration in brown-field fiber plants.
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