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Abstract: We present a simple technique for extending uplink fiber transmission distance by more 
than 100% compared to previous demonstrations, in a wavelength reused mm-wave fiber-radio 
link using custom made fiber Bragg gratings and optimized modulation depth. 
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1. Introduction 
Optical transport of microwave and millimeter-wave (mm-wave) signals or radio over fiber transport is becoming 
attractive in broadband wireless access systems and antenna remoting applications [1,2]. Typically intensity 
modulators such as Mach-Zehnder modulators (MZM) or electro-absorption modulators are used for superimposing 
the radio signal information onto an optical carrier [2] and optical single sideband with carrier (OSSB-C) 
modulation format can be used to overcome dispersion induced power fading at these frequencies [3]. Wavelength 
division multiplexing (WDM) is used to feed a large number of base-stations (BS) that are required to increase the 
geographical coverage due to the high atmospheric attenuation of mm-wave wireless signals. In the uplink direction 
the detected RF signal is modulated onto another optical carrier at each BS and transported to the central office (CO). 
It is advantages to have simple BS with less active components. The reuse of the optical carrier for the downlink 
offers the advantage of BS without any stable WDM sources [4]. However due to the extraction of the carrier power, 
the power budget is affected restricting the transmission distance to less than 10 km without additional optical pre-
amplification at the CO [4]. In this paper we present how the transmission distance can be more than doubled by 
optimizing the downlink and uplink modulation depths. The carrier extraction is accomplished by specially designed 
fiber Bragg gratings (FBG) with reflectivities between 95- 99 % that extracts majority of the power of the downlink 
carrier for uplink transmission. We show that the downlink signal degradation due to carrier suppression as a result 
of filtering is offset by the sensitivity enhancement obtained through improved modulation depth. We also present 
an experimental demonstration using commercial components showing a record transmission distance of 20 km 
downlink and 20 km uplink (40 km total) of 35 GHz mm-wave signal carrying 155 Mbs data to demonstrate the 
extended transmission reach. 
 
2. Wavelength reuse scheme in a radio over fiber link 
A schematic of the wavelength reuse scheme is shown in Fig. 1. The mm-wave modulated downlink optical signal 
after fiber transmission is sent via an optical circulator and the majority of the optical carrier power is reflected using 
a narrow band FBG for uplink transmission. For example when the carrier to sideband ratio (CSR), defined here as 
the ratio between the optical carrier power and the sideband power at a resolution bandwidth of 2.5 GHz in dB, in 
the downlink signal is more than 13 dB, it will allow the use of FBGs with reflectivity over 95%. The extracted 
optical carrier is then modulated with the uplink data to be transmitted to CO, and the downlink signal with the 
attenuated carrier is sent to the downlink receiver for wireless transmission. With MZM modulators operating at 

 
Fig. 1. Scheme for wavelength reuse at the BS. 

 
Fig. 2. Sensitivity at BER= 10-9 against the CSR. 

Experimental (squares) and simulated (line) results. 



mm-wave frequency, it is difficult to achieve lower CSRs even with high power input signals. In this scheme, we 
intentionally use weak modulation to achieve high CSRs to optimize the power budget requirements of up- and 
down- link transmissions. This also avoids nonlinear distortions in the analog links [5]. The inset of Fig. 1 shows the 
transmissivity of two FBGs with 95% and 98.5% reflectivity. The gratings had a 3dB bandwidth of ~ 3 GHz 
therefore these FBGs can be used in extracting carriers from optical signals carrying microwave frequency signals as 
low as 3 GHz. Depending on the stability of the wavelengths and the radio frequency the bandwidth can be easily 
increased. 
 
3. Downlink transmission 
The weakly modulation of the downlink signal allows the use of high reflective FBG filters for extracting the carrier 
power without the CSR going negative that may distort the signal. Assuming the sensitivity is kept constant the 
received electrical signal power of the downlink signal will decrease with increased attenuation of the carrier and 
this will reduce the transmission distance of the downlink signal for a given launch optical power. However, the 
carrier filtering decreases the CSR of the received downlink signal that increases the optical sensitivity of the signal 
for a fixed receiver [6]. This is due to the interplay between the carrier power and the sideband power as the beating 
between the two signals generates the photocurrent at the receiver. Fig. 2 shows experimentally measured sensitivity 
improvement in dB (squares) with the CSR. It also shows simulated results (dashed line) that is in very good 
agreement with the experimental results. When the CSR of the signal is reduced from 20 to 0 dB we obtain a 
sensitivity improvement of ~ 6 dB. The increase in the sensitivity increases the power margin, offsetting part of the 
effects of the carrier attenuation and thus increases the allowable transmission distance. We obtain a simple equation 
for the maximum transmission distance for the downlink, Ldownlink, as  
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where P is the launch power and S the sensitivity for transmitted signal with its initial CSR, Λ is the loss due to 
filtering, ψ the sensitivity improvement due to filtering, and α is the loss per km of fiber. For example assuming an 
initial CSR of 20 dB, launch power of 5 mW, sensitivity of -12.5 (as per experiment for 20 dB CSR) and the use of 
98.5 % FBG with 0.25 dB/km lossy fiber we obtain a maximum transmission distance of more than 35 km for the 
downlink. 
 
4. Uplink transmission 
The use of high reflectivity grating allows the maximum power extraction from the downlink carrier for uplink 
transmission. In the case for uplink, the CSR is set to maximum possible which will give better sensitivity at the CO. 
The extracted carrier with P dBm power (since the data power component of weakly modulated signal is negligible) 
undergoes losses of ~ 2 dB due to the circulator and 10 dB due to SSB modulation (experimental values). This will 
limit the maximum uplink transmission distance, Luplink, to approximately  
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Next the increase in extracted carrier power in the scheme, was analytically calculated. Fig. 3 shows the 

normalized increase in power margin for the uplink with the reflectivity of the FBG for 10, 15 and 20 dB CSR. The 
values are relative to a signal with 10 dB CSR with the use of a 50% reflective FBG which would be a typical 
scenario. For example the power margin can be increased by 3.4 dB (more than 115% increase in transmission 

 
Fig. 3. Normalized increase in power margin against 

reflectivity of FBGs for downlink CSR of 10, 15 and 20 dB.
Fig. 4. Experimental setup. 



distance) when 20 dB CSR signal is used in conjunction with 99% FBG. For a star architecture the distance from the 
CO to the BS will be limited to min(Ldownlink, Luplink) and for other topologies the maximum distances will vary 
depending on the positioning of the BSs. 
 
5. Wavelength reused transmission experiment 
An experiment was carried out to demonstrate 20 km uplink and 20 km downlink transmission using a single source. 
Further increase in transmission distances will be possible with receivers with better sensitivity. Fig. 4 shows the 
experimental setup. Dual electrode MZM modulators where used to generate SSB signals with 155 Mbs BPSK data 
(PRBS 231-1) at 35 GHz. The downlink CSR was set to 20 dB and the signal was amplified to 5 mW using an 
Erbium doped fiber amplifier (EDFA). The signal after 20 km transmission is then filtered using a 98.5% FBG 
together with an optical circulator. The extracted carrier is then remodulated with another 155 Mbs BPSK data 
stream at 35 GHz and sent via another 20 km length of fiber and recovered at the CO. The data were recovered in 
both cases using a 2.5 GHz phased locked loop after down conversion to that frequency. Fig. 5 shows the optical 
spectra of the downlink signal (a) before FBG and (b) after FBG, and the uplink signal (c) before modulation and (d) 
after modulation. The downlink CSR before and after FBG was 20 and 2 dB respectively and uplink signal CSR was 
15.5 dB. In both cases of OSSB-C generation, the unwanted sideband suppression was close to 15 dB. Error free 
transmission of both the downlink and uplink data was achieved. Fig. 6 shows the BER vs receiver sensitivity of the 
downlink and uplink signals. The sensitivity at BER = 10-9 was -18 dBm and -14.5 dBm respectively for the two 
signals with CSRs of 2 dB and 15.5 dB. The inset shows the eye pattern of the uplink data after 20 km transmission. 

 
6. Conclusion 
We presented a simple technique for increasing the transmission distance by more than 100% in a wavelength 
reused fiber radio link. The technique involves weakly modulating the carrier for downlink and using a high 
reflectivity FBG for carrier extraction. The degradation due to loss of power in the downlink signal is overcome by 
the sensitivity enhancement due to increase in the modulation depth. Experimental results verified up to 6 dB 
sensitivity improvement in the downlink due to increase in modulation depth. We presented a record 20 km uplink 
and 20 km downlink transmission experiment for 155 Mbs BPSK data at 35 GHz with 5 mW launch optical power 
in a wavelength reuse scheme. Further increase in transmission is possible with receivers with better sensitivity. 
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Fig. 5. Optical spectra of the downlink signal (a) before FBG and 
(b) after FBG, and the uplink signal (c) before modulation and (d) 

after modulation.

 
Fig. 6. BER vs received optical power for the downlink 

and uplink signals. Inset shows uplink eye pattern at 
BER=10-9. 


