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Abstract: In this paper, we design a self-interference cancellation (SIC)
scheme for in-band full-duplex (IBFD) radio-over-fiber (RoF) systems
based on wavelength division multiplexing passive optical network (WDM-
PON) architectures. By using a single dual-drive Mach-Zehnder modulator
(DDMZM), over various bands up to 25 GHz, this proposed SIC system can
simultaneously cancel the in-band downlink (DL) self-interference and
modulate the recovered uplink (UL) radio frequency (RF) signal. OFDM-
RF signals are used to study the cancellation performances of optical SIC
system for the first time. Experimental results show more than 32-dB
cancellation depth over 250-MHz bandwidth within 1-GHz RF band, as
well as 300-MHz within 2.4-GHz and 400-MHz within 5-GHz band. As for
2.4-GHz RF band, 390.63-Mbps 16-QAM OFDM UL signal buried by
strong in-band DL OFDM signal is well recovered. For broadband
applications, more than 27-dB cancellation depth is achieved over 10
MHz~25 GHz wideband, so that up to 25 GHz RF band can be expanded
for this IBFD WDM-RoF system.
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1. Introduction

Recently, radio-over-fiber (RoF) systems based on wavelength division multiplexing passive
optical network (WDM-PON) architectures have been widely investigated for expanding
coverage area and increasing overall capacity with a cost-efficient way [1-3]. Moreover, as
for further RoF system, the in-band full-duplex (IBFD) transmission represents an attractive
trend [4,5], which can simultaneously transmit and receive downlink (DL) and uplink (UL)
radio frequency (RF) signals in the same frequency band between remote antenna units
(RAUs) and user ends (UEs). Compared to frequently-used frequency-division duplex (FDD)
and time-division duplex (TDD) mode [6-9], IBFD schemes significantly improve the
throughput and extend the spectrum of system.
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Fig. 1. Architecture of IBFD WDM-RoF system. Tx: transmitter; Rx: receiver, PD:
photodetector; PD: power amplifier; SMF: single mode fiber; AWG: arrayed waveguide
grating.
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However, IBFD faces the challenges from the strong in-band self-interference (IBSI).
Within the corresponding architecture as illustrated in Fig. 1, in each RAU, receive antenna
gets to receive high-power IBSI from transmit antenna located nearby. This IBSI cannot be
removed by preselected band-pass filter. In this case, self-interference cancellation (SIC)
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systems are investigated in order to enable IBFD mode [4]. To remove IBSI in UL signal, the
SIC system is installed following the receive antenna. The DL RF signal is duplicated as
RFp”, and then time and amplitude of the RFp” and IBSI RFp’ are aligned in SIC system to
subtract RFp’ and recover the desired UL signal RFy. Due to bandwidth and linearity
limitations of electrical devices, the electronic SIC schemes typically achieve about only 40-
MHz cancellation bandwidth [10—12], which is not enough for the IBFD WDM-RoF systems.
To overcome the limitation of cancellation bandwidth, optical or optical/electrical mixed
schemes have been proposed [12—14]. An optical SIC scheme based on balanced photo-
detector (BPD) for signal subtraction were presented, in which two optical paths are needed
before O/E conversion [14]. However, one RAU corresponds to only one output port of the
arrayed waveguide grating (AWGQG) in remote node (RN), so that the employment of BPD in
CO cannot be supported. Another optical/electrical mixed SIC scheme using Balun for signal
inversion and electro-absorption modulators (EAMs) for modulation [12] reported 30-dB
cancellation depth over 5.5-GHz bandwidth, which is limited by the operation bandwidth of
Balun and EAMs. In IBFD WDM-RoF systems, broader wireless bandwidth is preferred for
increasing system capacity.

In this paper, we propose and experimentally demonstrate a SIC system based on a dual-
drive Mach-Zehnder Modulator (DDMZM) for IBFD WDM-RoF system. Due to alignment
of RFp” and RFp’ operated on electrical domain, only a single SMF is needed to equip, which
is compatible for WDM-RoF system. OFDM-RF signals are used to study the cancellation
performances of optical SIC systems for the first time. The corresponding experimental
results show successful recovery of the self-interfered UL OFDM-RF signal in 2.4 GHz band,
for the application of common-used wireless services. Moreover, the carrier frequency of this
IBFD WDM-ROoF system is expanded up to 25-GHz frequency band. To our knowledge this is
the widest bandwidth with good cancellation depth of optical SIC system.

2. Architecture and principle

Laser Biasi . PD

RFp ’+R_F U,

Fig. 2. The proposed SIC system. t: electrical time delay; A: electrical amplification.

The proposed SIC system is depicted in Fig. 2. The laser source provides UL seed light. The
modules A and t on the upper path implement tunable electrical time delay and tunable
electrical amplification of RFp”, respectively. RFp” is the replica of DL signal. In RAU, the
signal received by receive antenna is the summary of DL self-interference RFp’ and UL signal
of interest RFy, marked as RFp’ + RFy.

The principle of removing RFp’ in UL received signal is presented then. RFp’ + RFy are
delivered into RF, port of DDMZM. Precisely-tuned amplified and delayed RFp” are sent to
RF, port. Optical phase ¢, and ¢, of the bottom branch and upper branch are shown in Eq. (1)
and Eq. (2), respectively.
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V; and V, represent the drive voltages, which are the summary of bias voltage and RF voltage
on bottom branch and upper branch. V, represents a random voltage in bias voltage range of
DDMZM. We set Vi1 as Vg + V; and V.0 as V, thus maintaining bias voltage difference
of two arms V. Output optical field E,, and output optical power P, are expressed in Eq. (3)
and Eq. (4) [16], while E;, is input optical field and Py, is input optical power of DDMZM. By
precisely-tuned amplified and delayed, RFp” turns into aRFp”(t), which is adjusted equal to
RFp’. So that shown by Eq. (3), the RFp’ is subtracted and RFy is remained. The bias voltage
V. is the linear modulation bias point of MZM, set for the best E/O modulation of RFy in
Eq. (4). After optical power detection in PD, the UL signal of interest RFy is well recovered.
As mentioned above, the main step to realize SIC is tuning amplitude and time delay of RFp”.
In the practical mobile environments, RFp’ may vary with the change of wireless channel
response. In this case, feed-back control like open-loop control or closed-loop control can be
implemented for adaptive time delay and amplitude tuning [17].
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3. Experiment setup and results
3.1 SIC performance in common-used bands
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Fig. 3. Experimental setup. ECL: external cavity laser; PC: polarization controller; VCA:
voltage-controlled amplifier; t: electrical time delay; a: electrical attenuation; LPF: low-pass
filter.

To experimentally prove the viability of this SIC system for IBFD systems, cancellation depth
measurement and real-time in-band signal transmission are performed over several bands of
interest. Experimental setup is configured according to Fig. 3. In SIC system, the functions of
tunable electrical time delay and amplification are carried out by microwave voltage-
controlled amplifiers (VCAs) and tunable microwave delay lines, respectively. To increase
the flexibility of tuning, VCAs and delay lines are installed within both the up and bottom
paths. The external cavity laser (ECL) is employed as laser source. The polarization controller
(PC) is placed before DDMZM to control the polarization of input seed light. After 10-km
SMF transmission, the desired UL signal is photo-detected in PD.

Cancellation depth over various frequency bands is measured firstly, the amount of which
is determined by taking the difference between S21 curves of SIC system without and with
cancellation. The 10-MHz~43.5-GHz vector network analyzer (VNA) (KEYSIGHT N5224A)
is employed to measure the S21 response. As shown in Fig. 3, first the upper branch is
disconnected, and voltage of biasl and bias2 are set at linear modulation point to get S21
curve without cancellation. Then the upper branch is connected to VNA with random
attenuation and delay of VNA’s port 1 signal. In SIC system, the electrical amplification and
delay are precisely tuned by the VCAs and tunable delay lines to obtain the S21 curve with
the best cancellation.
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Fig. 4. Cancellation depth of SIC system at (a) 1.0-GHz, (b) 2.4-GHz and (c) 5.0-GHz band.

Common-used bands, for example, 1.0-GHz, 2.4-GHz and 5.0-GHz frequency bands are
selected following the standard of wireless services like LTE, Wifi (IEEE 802.11), Bluetooth
(IEEE 802.15) and WiMax (IEEE 802.16). Figures 4(a)-4(c) depict the cancellation depth in
these frequency bands respectively. The results indicate the cancellation of more than 33 dB
over 250-MHz bandwidth within 1.0-GHz band, more than 32 dB over 300-MHz bandwidth
within 2.4-GHz and more than 33 dB over 400-MHz bandwidth within 5.0-GHz band. These
properties enable SIC for multiple wireless services at various common-used frequency
bands.

To perform real-time in-band signal transmission, the analog OFDM signals in 2.4-GHz
RF band are selected to imitate Wifi-like UL and DL signals, since the analog OFDM-RF
signal requires more linearity of SIC system than On-Off Keying (OOK) digital signal. VNA
is now disconnected from the SIC system and offline OFDM-RF transmitters and a receiver
are configured as shown in Fig. 3. The UL and DL OFDM signal are mixed with 2.4-GHz
carrier frequency f. respectively, both generated offline by an arbitrary waveform generator
(AWG, Tektronix AWG7122C). After SIC and 10-km SMF transmission, desired UL signal
is photo-detected, then sampled by a real-time oscilloscope (LeCroy SDA845Zi-A) and
treated offline to observe the recovery of UL OFDM-RF signals. First we observe the
cancellation on frequency domain. An RF spectrum analyzer (ROHDE&SCHWARZ FSUP,
20 Hz~50 GHz) is used for UL electrical spectrum measurement. The corresponding figure is
depicted in Fig. 5, which indicates the electrical spectra of UL signal before and after
cancellation, in which case UL desired signal occupies 19.53-MHz bandwidth while DL self-
interference occupies 39.06-MHz bandwidth. Before cancellation, the RFy is totally buried by
the in-band self-interference RFp’, and the spectrum is shown by the blue curve in Fig. 5.
After cancellation, the signal power is reduced by 25 dB. RFp’ is removed and the RFy is
successfully recovered.
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Fig. 5. Spectra of received RFy without and with cancellation.

Then, the cancellation performance on time domain is observed with different data rates
and different occupied bandwidths of OFDM signals. Corresponding to the case in Fig. 5, DL
data rate is 156.25 Mbps and UL data rate is 78.12 Mbps. Figure 6(a) depicts the UL
constellation diagram buried by RFp’. After using our proposed scheme, the constellation
diagram is well-recovered obviously, as shown in Fig. 6(d). The recovery of UL broadband
OFDM signals proves that cancellation is not for instantaneous frequencies only, even though
the sweep signal from portl of VNA is single-tone frequency instantaneously when
measuring cancellation depth. Moreover, UL and DL signals with higher bit rates and
occupied bandwidths are investigated in this experiment in terms of constellation diagram, as
depicted in Figs. 6(b)-6(c) and Figs. 6(e)-6(f). Constellation diagrams of the recovered UL
OFDM-RF signals with 58.59 MHz and 97.66 MHz bandwidth are shown in Figs. 6(e)-6(f),
respectively. To meet the performance requirements for the front-end of the base stations, we
also measure the error vector magnitude (EVM) performances of recovered UL signals in
these cases. The specified requirements of EVM in the 3GPP standard for 16-QAM is 12.5%
[17]. The corresponding calculated EVMs of Figs. 6(d)-6(f) are 3.58%, 6.87% and 8.63%
respectively, all under 12.5%. These experiment results demonstrate that the SIC system can
support the recovery of at least 390.63-Mbps data rate of 16-QAM OFDM signal over 97.66-
MHz within 2.4-GHz RF band, buried by in-band RFp’ with 117.19-MHz bandwidth, which
would further confirm that at least ~100-MHz bandwidth in 2.4-GHz frequency band can be
used for IBFD communication. These performances may be suitable for some of the next
generation mobile standards such as carrier aggregation (CA), because one CA signal in LTE-
A typically consists of five 20-MHz OFDM signals and occupies 100-MHz bandwidth in 2.4-
GHz wireless band [18].
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Fig. 6. Constellation diagrams of UL signals before (a-c) and after (d-e) cancellation.
3.2 Wideband SIC performance

Furthermore, we investigate the expansion of RF band for the WDM-RoF system. The
cancellation depth in total 10MHz-25GHz frequency band is measured. As shown in Fig. 7,
27-dB total depth over 25-GHz bandwidth and 30-dB depth over about 9-GHz bandwidth is
achieved. To our knowledge, this is the demonstration of widest cancellation bandwidth with
good SIC performance.

In time domain, due to limitation of experiment condition, OFDM-RF SIC experiment at
higher frequency band is not carried out. Instead, the high frequency and broadband
performance is confirmed using 10-Gbps and 20-Gbps psendo-random binary sequence
(PRBS) signals. The offline UL OFDM-RF module in Fig. 3 is replaced by a pulse pattern
generator (PPG, Agilent N4951B). The 10Gbps and 20Gbps PRBS signals are used as UL
desired signal respectively, while the periodic strong sweeping signal from VNA between 10-
MHz~25-GHz is used as in-band DL self-interference. The sweep time in one period is set
14.527 ms and sweep type is Linear Frequency. As interference signal, the number of points
is set as 2001 to achieve enough frequency resolution. A sampling oscilloscope (Agilent
86103B) is employed as UL desired signal detector. Eye diagrams are observed to evaluate
the wideband cancellation performance. Before cancellation, closed eyes caused by DL self-
interference are shown in Figs. 8(a) and 8(c). After cancellation, the eyes are open,
corresponding to 10-Gbps and 20-Gbps case in Figs. 8(b) and 8(d) respectively. Moreover,
due to almost flat response from 10 MHz to 25 GHz broad RF bandwidth achieved, this
bandwidth capability not only expands the RF band of IBFD WDM-RoF system to 25 GHz,
but also enables simultaneous usage of multi-bandwidth services in total 10-MHz~25-GHz
bands for RoF communication. The cancellation depth and bandwidth are mainly limited by
the tuning precision of microwave VCA and microwave delay line.
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Fig. 8. Eye diagrams with data rate of 10 Gbps (a) before cancellation (b) after cancellation,
and 20 Gbps (c) before cancellation (d) after cancellation.

4. Conclusion

In this paper, we have experimentally demonstrated a SIC system for WDM-RoF system with
IFBD mode. This SIC system based on DDMZM can cancel the DL interference with
simultaneous modulation of UL RF signals. Cancellation performances in common-used
bands for services like LTE, Wifi, Bluetooth and WiMax are experimentally studied, in which
more than 32-dB cancellation depth over at least 240 MHz bandwidth are achieved.
Successful recovery of UL 390.63-Mbps 16-QAM OFDM signal from DL 468.75-Mbps
OFDM self-interference signal in 2.4-GHz RF band is obtained. For wideband application,
more than 27-dB cancellation depth is achieved over total 10 MHz~25 GHz bandwidth. PRBS
signals with 10-Gbps and 20-Gbps data rates are recovered from a wideband sweeping
interference. The wideband SIC performance expands the RF band of this IBFD WDM-RoF
system up to 25 GHz.
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