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Abstract—In this article, we propose and test a reconfigurable 
Remote Access Unit (RAU) to interface optical and W-band 
wireless communication links (75–110 GHz), utilizing optical 
heterodyne signal upconversion. The RAU is composed of a 
tunable local oscillator, narrow optical filter and a control unit. 
The RAU can be software-reconfigured to select a specific dense 
wavelength division multiplexed (DWDM) channel. Real-time 
tests with 100 GHz spaced DWDM signals have been performed. 
Real-time 2.5 Gbit/s error free radio transmission in the 75 GHz 
to 95 GHz range of the W-band was achieved after 15 km of 
standard single mode fiber and 50 m of wireless link. 

Keywords—Radio-over-fiber, millimeter-wave communications, 
W-band wireless, microwave photonics, real-time systems 

I.  INTRODUCTION  
Growing demand for high speed wireless data transmission 

increases year to year, mostly due to the emerging end users 
need for wireless services like audio and videostreaming, 
videoconferencing, cloud storage and online gaming [1]. The 
new mobile standard called 5G is going to meet those 
requirements partially by use of higher radio frequencies from 
the mm-wave range [2], [3]. Operation in this frequency range 
(from 30 GHz up to 300 GHz) allows the use of wider 
transmission channels. This clearly opens a possibility for 
higher bit rates. Furthermore, regulations in mm-waves allow 
lightly licensed link establishment. Nevertheless, signal 
generation in the mm-wave frequency range with traditional 
oscillators is complex. 

To overcome this problem the use of optical heterodyne 
signal upconversion was proposed [4] and in recent years this 
technique of signal generation has attracted the interest of 
many researchers [5]–[8] and even joint projects were 
established in this field. Those projects are aimed to provide 
feasible solutions integrating present and future optical 
networks with wireless communication by utilizing photonic 
techniques. One of the projects focused on this problem is 
Integrated Photonic Broadband Radio Access Units for Next 
Generation Optical Access Networks (IPHOBAC-NG). The 
aim of the project is to provide seamlessly integrable photonic 
solutions for wireless communication and adapt them into 

currently existing wavelength division multiplexed passive 
optical networks (WDM-PON) and even ultra dense 
wavelength division multiplexed PONs (UDWDM-PON). 
Under those solutions, the project assumes to provide a 
complementary broadband access with speeds between 1–
10 Gbit/s and a mobile backhaul with the speed of 3 Gbit/s. To 
fulfill those requirements the IPHOBAC-NG project plans to 
develop a new photonic RAU that will support reconfiguration 
of the optical channel allocation, will not have an impact on 
the digital signal processing in the optical network unit (ONU) 
and optical network terminal (ONT), and will be energy 
efficient, fully integrated and compact. The projected 
IPHOBAC-NG heterogeneous network architecture is 
presented in Fig. 1. 

In this article, we propose and test a reconfigurable 
deployable RAU interfacing optical DWDM transmission with 
wireless transmission for the IPHOBAC-NG network 
architecture. The proposed RAU utilizes the principles of 
optical heterodyne signal upconversion for wireless data 
transmission in millimeter-wave range. The comprehensive 
study devoted to the heterodyne technique used in the RAU 
was presented e.g. in [9]. In general, the proposed RAU is 
composed of a reconfigurable optical filter for DWDM 
channel selection, a reconfigurable optical reference signal 
source, photodiode and control unit. In section II an extensive 
description of the proposed RAU is given, section III 
describes the measurement setup and procedure. In section IV 
we show results for 2.5 Gbit/s real-time wireless data 
transmission over 15 km of fiber and a wireless distance of 
50 m. 

II. REMOTE ACCESS UNIT DESIGN 
The reconfigurable RAU proposed in this article and 

presented in Fig. 1 is in line with IPHOBAC-NG’s  
assumptions on the RAU: the input signal is a 100 GHz spaced 
DWDM signal in the C-band, operating at 2.5 Gbit/s. The 
WDM pipe signal goes into a tunable, voltage controlled 
optical fiber Fabry-Perot filter, where the desired channel 
designated for a wireless data transmission is selected. The 
used filter has 2.5 dB insertion loss, a 3 dB bandwidth of 



 
 
Fig. 1. The IPHOBAC-NG architecture and a block diagram of the proposed RAU. The scope of the RAU is to interface any DWDM optical signal to the 
wireless W-Band 

15 GHz and a 20 dB bandwidth of 125 GHz. This value of 
suppression outside the filter transmission allows device 
operation in 100 GHz spaced DWDM systems. The control 
voltage required to cover the whole C-band for the selected 
filter is 16 V. The filter is controlled through a digital-to-
analog converter (DAC). The DAC provides adjustable output 
voltage range from minimum −18 V to maximum 18 V with 
16 bit resolution, ensuring finesse to select any DWDM 
channel. 

The selected channel from the DWDM signal is fed into a 
3 dB coupler where it is combined with the reference signal 
from a local oscillator (LO, a tunable laser covering the C-
band with 100 kHz linewidth and fine frequency tuning). The 
LO signal is connected to the coupler through a manual 
polarization controller to adjust the state of polarization and 
maximize beating on the photodiode. In the next revision of 
the RAU an electrically driven polarization controller can be 
implemented and, through a feedback loop from the second 
output of the optical coupler, the polarization controller can be 
adjusted to find the optimal LO signal polarization. The LO 
and the DAC are controlled by a processing unit. The device 
used as a processing unit is low-cost Raspberry Pi 2 with 40 
general purpose input/output pins, 4 USB ports, an Ethernet 
socket and UNIX based operating system can control various 
devices. Moreover, this single-board controller can be loaded 
with software-defined networking (SDN) extensions, 
effectively softwareizing the RAU. 

The coupled data and reference signal, spaced according to 
the desired radio frequency, is connected to a photodiode 
(Finisar XPDV4120R) with 90 GHz 3 dB bandwidth and 
responsivity of 0.5 A/W. As a result of the heterodyning 
process at the photodiode, a radio signal in the frequency 
range of the W-Band is generated. The total RAU optical 
insertion losses are 5.5 dB: 2.5 dB from the optical filter and 
3 dB from the coupler. 

III. SYSTEM DESCRIPTION 
In this section, the experimental set-up and the 

measurement procedure to test the proposed RAU are 
described. 

A. Experimental Set-Up 
Fig. 2 depicts a block diagram of the experimental setup. 

Eight 100 GHz spaced lasers were multiplexed in two 4x1 
couplers with distinction for even and odd channels. Next, the 
two streams (4 signals each) were fed into two Mach Zehnder 
modulators (MZMs). The MZMs were preceded by two 
polarization controllers (PC). Both MZM were biased at the 
center of their linear region and driven with two 2.5 Gbit/s 
non-return-to-zero (NRZ) pseudo random bit sequences 
(PRBSs) with a length of 211−1 bits from a pulse pattern 
generator. The sequence modulating the odd channels was 
negated and shifted with a delay line to decorrelate the signals. 
The signals from the MZMs were combined in a 3 dB coupler 
and transmitted through a combination of 10 km standard 
single mode fiber (SSMF) and 5 km of bend insensitive fiber 
(BIF, ITU-T G.657.B3). This combination secures 
compatibility with deployment scenarios where BIF is used to 
overcome strong bending losses, while having little impact on 
the performance of the W-band signal [10]. 

After the fiber, the DWDM signal was amplified with an 
erbium doped fiber amplifier (EDFA) to provide sufficient 
power for radio signal generation and transmission. The 
reason why the EDFA was placed just before the RAU, not 
right after the coupler in the transmitter part, is because of not 
sufficient output power per channel of the available EDFA. By 
applying different EDFA with the output power like 22 dBm 
and moving it to the central office (OLT) the maximum 
distance possible to achieve in the considered system 
configuration exceeds 20 km (assuming received data signal 
power before the photodiode equals to 1 dBm, 13 dBm per 
channel after the EDFA in the OLT, 5.5 dBm insertion losses 
of the RAU and 0.3 dB/km fiber attenuation for the SSMF). 
The other possible solution excluding need for the EDFA is to 
use semiconductor optical amplifiers right after the optical 
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Fig. 3. Optical signal spectrum inside the RAU (after the coupler). 

  

 
 
Fig. 2. Experimental setup for hybrid photonic wireless transmission. 

 
filter in the RAU. After the EDFA, the amplified signal is fed 
to the RAU. For each of the measured channels, polarization 
of the LO signal was adjusted to provide the maximum 
beating on the photodiode. Part of the signal from the RAU’s 
coupler went to an optical spectrum analyzer (OSA) to 
monitor the signal in the optical domain. The output RF signal 
from the RAU was transmitted over a distance of 50 m using a 
pair of parabolic W-band antennas with 48 dBi gain each. 
After 50 m of wireless transmission, the output of the receiver 
antenna was downconverted with a W-band envelope detector 
(ED) based on Schottky diode with a 3 dB bandwidth of 
3 GHz. Next, two bias tees (BT) were cascaded: the first, 
inverted to remove unwanted DC components from the ED 
and the second to provide a 3.3 V DC required by the used 
clock and data recovery module (CDR). The output of the 
CDR was connected to the bit error rate tester (BERT) where 
bit error rate measurements were conducted. 

B. Measurement Procedure 
All experiments were performed for W-band frequencies 

starting from 75 GHz up to 95 GHz with 2 GHz steps. The 
95 GHz frequency upper bound was caused by the operational 
bandwidth of the photodiode and the additional beating caused 
by adjacent channels. The impact of those two phenomena is 
discussed in section IV. Decision about using W-band was 
made mainly due to lower attenuation in comparison with 
60 GHz V-band, which is also strongly considered for 5G 
networks. 

The signal transmission tests with the proposed RAU were 
conducted for the 1st, 5th and 8th DWDM channels from the 
transmission system described in the previous section. The 
measurements were set through the control unit of the RAU, to 
which channel number and frequency target in the W-band 
were indicated. The control unit, through a look-up table, 
would set up the filter and the LO. The measurement 
procedure therefore follows the next sequence: first, the 
DWDM signal was filtered in the RAU; next the reference 
signal from the LO was added at the frequency of 75 GHz. 
According to the previously performed analysis and 
experiments [11], [12] the optimal power ratio between a local 
oscillator and a data signal providing maximized RF signal is 
equal to 1. It means the best operation is achieved when two 
lasers work with equal power levels. In the presented system 
the power of the lasers was 1 dBm each. The power the 

photodiode was fed with thus equals to 4 dBm. Fig. 3 presents 
the optical spectrum before the transmission for the 5th 
DWDM channel and the LO set at 83 GHz apart from the data 
channel. It can be clearly observed that adjacent DWDM 
channels are suppressed by over 20 dB 

After verification of proper system operation, bit error tests 
were performed. The time of BER measurements was equal to 
20 s. With the speed of 2.5 Gbit/s the total number of sent bits 
was 5∗1010. This number of transmitted bits guarantees BER 
measurement accuracy up to 10−10. After the BER  
measurement, the LO spacing was set to a higher frequency, 
with a step of 2 GHz, through the control unit and the 
procedure was repeated. Measurements were conducted for 
every mentioned W-band frequency and afterwards the 
DWDM channel was changed and the whole procedure was 
repeated. It has to be said that the optical spectrum analyzer 
used to monitor signal before transmission had 2 GHz 
accuracy. This might impose small inaccuracy in the reference 
signal tuning as the LO signal was monitored over mentioned 
optical spectrum analyzer. 

IV. RESULTS AND DISCUSSION 
Fig. 4 presents results of the measurements described in 

the previous section. Independently from the selected DWDM 
channel, similar BER characteristics were obtained. In the 
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Fig. 4. BER measurement results obtained for real-time data transmission at frequencies ranging from 75 to 95 GHz: 1st, 5th and 8th DWDM channel 

 
frequency range from 75 GHz to 87 GHz transmission below 
7 % forward error correction (FEC) level (BER = 3.8∗10−3) is 
possible for all tested channels. For the frequencies located 
closely to 80 GHz even transmission considered as error free 
can be performed (BER below the level of 10−9). It is worth to 
mention that this frequency range was designated by US 
Federal Communication Commission (FCC) for high-density 
fixed wireless services with 5 GHz wide spectrum and the 
RAU proposed in this article can be easily utilized for this 
application. 

For the frequencies above 87 GHz impact of two factors 
causing an increase in the BER are visible and should be 
discussed. First is the limited bandwidth of the photodiode and 
its frequency response. After 90 GHz we observe a steady 
decrease (2 dB per 10 GHz) in the frequency response of the 
photodiode. This directly decreases the power of the 
transmitted radio signal. The second limiting factor that may 
play an even bigger role is a beating from adjacent channels. 
As a higher radio frequency is generated the LO is moved 
closer to the adjacent channels (see Fig. 3). It can produce 
additional spectral components within the antenna 
transmission region on the transmitted signal frequency or 
close to it. To reduce their impact the electrical filter selecting 
desired channel may be used. In the worst case when the data 
signal is spaced 100 GHz from the LO we have mixing 
products from: a) the LO with the selected data channel, b) the 
LO and a channel spaced 100 GHz apart (not the selected by 
the filter), c) products from any two data channels spaced 
100 GHz apart of each other. What is more, when the LO 
signal is moved closer to the adjacent channel impact of this 
channel on the LO signal may also have an impact on the LO 
stability. The mentioned beating products may also explain the 
increase in the BER visible on the frequency of 81 GHz for 
the 5th channel. 

V. CONCLUSIONS 
In this article, we proposed and verified operation of a 

RAU utilizing optical heterodyne signal upconversion for 
generation and transmission of radio signals in the millimeter-
wave range. The proposed RAU is widely reconfigurable in 
terms of DWDM channel selection and location of the LO 
signal and thus radio carrier frequency, implying numerous 
configuration options in both DWDM channel selection and 
W-band RF frequency allocation. Furthermore, the device 
meets the requirements of the IPHOBAC-NG project, 

effective and smoothly interfacing the optical and the wireless 
media, and showed excellent operation for FCC frequency 
allocation for fixed wireless services. 

The performed tests demonstrated that error free (bit error 
rate below the level of 10−9) transmission with a bitrate of 
2.5 Gbit/s can be achieved after 15 km of fiber and 50 m of 
wireless links. Our previous work showed that the wireless 
transmission distances can be extended [7] by increasing the 
RF power, and therefore, the wireless length demonstrated in 
this experiment is not limited by any fundamental impairment. 
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