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Abstract 

 We investigate a way to externally generate the local oscillator (LO) signal used for downconversion of the 
Ku-band (10.7 − 12.75 GHz) RF signal received from a phased array antenna (PAA). The signal is then translated to 
an intermediate frequency (950 − 2150 MHz) at the output of the mixer of standard LNBs (Low Noise Block) of a 
DVB-S (Digital Video Broadcasting-Satellite) reception system. The LO is generated optically by heterodyning of 
two lasers. We analyze the impact of the laser parameters (optical power and linewidth) on the quality of the 
generated LO (i.e. phase stability and carrier-to-noise ratio). In addition, a complete system analysis is presented for 
a 25×64 elements PAA system. We also report the progress on the development of the distributed feedback (DFB) 
lasers to be used in the heterodyne process. We analyze and experimentally demonstrate that, in order to have an 
optically-generated LO with equivalent performance to the one of an electronic LO, the laser linewidth should be in 
the order of tens of Hz, with a maximum relative intensity noise (RIN) of −123 dB/Hz and a minimum optical power 
of 0.125 mW. 

1. Introduction 

A PAA system can be an advantageous solution for receiving Ku-band DVB-S signals due to the flatness of 
its shape and to the fact that it can be electronically beamsteered, not requiring continuous mechanical realignment 
when installed on a vehicle. In the PAA system, when a mixer is placed after every array element (AE) it needs to be 
fed with an LO signal for downconversion. Having a dedicated LO at each mixer would lead to a problem of RF 
phase synchronization among the different LOs, undesirable high costs as well as increased size, weight and power 
consumption. On the other hand, the distribution of LO signals from a centralized LO by means of coaxial cables or 
waveguides is limited by the transmission line losses and their bulk size. Photonics offer an alternative because 
optical fiber cables are compact, lightweight and provide low transmission and distribution loss [1]. The crucial 
challenge for optically-generated LO is to meet the requirement of low phase noise, low drift, low power 
consumption, wide tunability, and compactness [2]. For example, the state-of-the-art opto-electronic oscillator 
(OEO) has a low phase noise with a high tuning speed but uses discrete components, hence lacking in 
compactness [3]. In this work we consider an optically-generated LO based on the heterodyning of a pair of DFB 
lasers integrated in one chip [4]. This approach is promising in terms of wide tunability, compactness and low phase 
noise. In this paper the feasibility of such a novel system to provide LO signal for a large scale Ku-band PAA 
reception system is investigated. 

 The rest of the paper is organized as follows. In Section 2 the proposed optically-generated LO for PAA 
system is described. Section 3 presents the parameters of a standard LO in commercial LNBs to which the optical 
LO should comply. Section 4 describes the theory of photonic LO generation by optical heterodyning. In Section 5 
and 6, respectively, the linewidth and the carrier-to-noise ratio (CNR) requirements of an optical LO are presented. 
In the last section, the conclusions of this analysis are stated. 

2. System description 

The proposed DVB-S downconversion system using an optically-generated LO for 25×64 elements PAA is 
presented in Fig. 1. The details of such PAA system have been described in [5]. Fig. 1(a) shows 25 antenna tiles each 
containing 64 (8×8) AEs. The DVB-S signal received by each AE will be amplified and downconverted at the mixer 
using optically-generated LO. An optical distribution network (ODN) provides the distribution of optical signal to 
each PD of the antenna tile, is shown in Fig 1(b). The LO from the PD then distributes to each mixer. In Fig. 1(c), an 
optical heterodyning system generates an LO externally using two lasers. The lasers are oscillating with a frequency 
difference chosen in such a way to produce a 9.75 −10.6 GHz beat signal at the terminal of the photo-detectors 
(PDs). In this paper we restrict to analyze the optical LO generation shown in Fig 1(c). 
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Fig. 2: Optical heterodyning scheme 

Table 1: Ku-band LO specifications 
LO Parameters Values 

Frequency 9.75 −10.6 GHz 
Single sideband 
(SSB) phase noise 

−50 dBc/Hz @ 1 kHz 
−70 dBc/Hz @ 10  kHz 
−90 dBc/Hz @ 100  kHz 
−110 dBc/Hz @ 1 MHz 

 
Fig. 1: Proposed Ku-band PAA down-conversion system using an optically-generated LO. (a) phased array 

antenna structure; (b) optical distribution network (ODN); (c) optical heterodyning system. 

3. Parameters of a standard LO in commercial LNB 

 In order to have an LO whose performance is 
comparable to the state-of-the-art LO available in the 
commercial LNBs, the optically-generated LO has to 
comply with various parameters like LO power, phase noise 
and linewidth of the standard LO. Different parameter 
values useful for our analysis are taken from a field study 
conducted on the commercially available LNBs, specifically 
the phase noise values shown in the Table 1 [6]. These 
parameters will be used to deduce the phase noise requirements of the optical LO. 

4. Photonic LO generation by heterodyning scheme 

The basic idea behind optical heterodyning is to generate an RF 
carrier by beating of two laser frequencies at the output of the PD. Let us 
consider two lasers L1 and L2 at frequencies fL1 and fL2 respectively. After 
combining the light from the two lasers with the same polarization a beat 
signal is created at the output of the PD as shown in Fig. 2. In the absence 
of frequency noise, the PD output current I(t) is a sinusoidal signal with a 
frequency equal to the frequency difference between the light from the 
two lasers, fLO = fL1−fL2. Let the electric field from each of the laser be 
given by: 

L L L
( ) 2 cos 2 ( )

n n n n
E t P f t t                         (1) 

where the subscript n = 1, 2 represents the first and second laser. PLn is the optical power and φn(t) represents the 
phase variation of each laser. After combining these two lasers, the resulting signal is inserted into the PD. The 
output current from the PD can be expressed as [7]: 

  pd L1 L2 pd L1 L2 LO LO
( ) 2 cos 2 ( )I t r P P r P P f t t        (2) 

where rpd is the responsivity of the PD and 2rpd(PL1PL2)1/2 is the amplitude of the generated LO signal. The phase 
variation φLO(t) = φ1(t) − φ2(t) is the difference of the independent phase variations of the individual lasers. The first 
term of Eq. (2) is a photo-current that will contribute to the noise, as to be described in Section 6. Assuming that the 
lasers have the same optical power (PL1 = PL2), Eq. (2) can be rewritten as 

 pd pd LO LOL1 L1( ) 2 2 cos 2 ( )I t r P r P f t t        (3) 

where φLO(t) is a random process with a Gaussian distribution. The power spectral density (PSD) of the output 
current I(t) of the PD is expressed as [7] 



 Fig. 3: PSD of PD output for different 
values of optical LO linewidth 
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 Fig. 4: SSB phase noise for various 
linewidths of the optical LO 
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where the beat linewidth of the optical LO, ΔυLO, is equal to the sum of 
the two linewidths of the lasers. A plot of the PSD of the output current is 
shown in Fig. 3, for various values of optical LO linewidth: it is a 
Lorentzian centered at fLO. 

The RF power of the LO can be calculated using the following 
equation: 

 2
2 2

LO LO L pd L1 L2 L av L

1 1
( ) 2

2 2
P I t R r P P R I R     (5) 

where the symbol   denotes average, ILO  and RL are the current and terminal impedance at the output of the PD, 

respectively, and Iav = 2rpdPL1 is the average photo-current. 

It is important to investigate the effect of laser parameters (optical power and linewidth) on the quality of the 
generated LO (i.e. phase stability and carrier to noise ratio) in order to make it able to comply with the parameters of 
the standard LO of a commercial LNB, as described in Table 1. The ratio between Eq. (4) and (5) gives the single 
sideband (SSB) phase noise expressed in dBc/Hz, also can be termed as the inverse carrier-to-noise ratio (CNR) 
discussed in detail in Section 6. Plotting the SSB phase noise curve and substituting the values from Table 1 we can 
determine the required linewidth of the optical LO. Thus, it is possible to calculate the required linewidth of the laser 

5. Linewidth requirements of photonic LO 

Close to the carrier frequency, the performance of the generated 
LO is determined by the linewidth of the optical LO. Using Eq. (4) and 
(5) the SSB phase noise of optical LO for offset frequencies up to 1 MHz 
is plotted in Fig. 4. To plot this, various optical LO linewidths along with 
the data sheet values (Table 1) are considered. From Fig. 4 it is evident 
that a beat linewidth of 125 Hz optical LO keeps the phase noise within 
that of the required value. This means, for a free running heterodyning 
system, each laser can have a maximum linewidth of 62.5 Hz. 

6. Carrier-to-noise ratio criteria of photonic LO 

The linewidth of the optical LO close to the carrier was determined in the 
previous section. Away from the carrier (beyond 1 MHz offset), as shown in Fig. 4, it is the noise floor to determine 
the system performance. The photonic LO generation scheme described in this paper can be considered as a photonic 
link [8]. Thus the system is affected by noise, comprising thermal noise, shot noise and RIN. Assuming that 
impedance matching has been imposed at the source and at the detector, the total noise PSD can be written as [8] 

 
Fig. 5: Comparison of noise floor and 
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where p th is the thermal noise contribution, q is the electron charge, 
RL is the  impedance at the output of the PD and Iav is the average 
photo-current. The first and the second terms within the parentheses 
are the shot noise and the RIN contributions, respectively. As 
considered in Section 2, for a single photonic link a minimum laser 
power is required to maintain the CNR of the generated LO. The 
calculated LO power as well as the noise power is plotted in Fig. 5 as 
a function of the photo-current and compared with the measured 
values. Fig. 5 shows that below a photo-current of 0.1 mA the 
measured noise floor contributions from spectrum analyzer and PD 
remain constant at −166.2 dBm/Hz. We observed that the measurement is very close to the calculated values.  



 
Fig. 6: Noise floor for different values of RIN 

The calculated results along with the 
measurement data are again plotted in Fig. 6 where the 
noise power is plotted with respect to the optical LO 
power. Hence, the PSD curve in dBc/Hz, which also 
gives inverse CNR, as a function of the photo-current is 
drawn. In accordance to our measured data, a 
RIN = −135 dB/Hz keeps the total noise floor at 
−132 dBc/Hz. A very small difference is observed 
between the calculated result and the measured data, 
shown in Fig. 6. Given in Fig. 4, at 1 MHz offset 
frequency the generated LO should maintain a phase 
noise of −110 dBc/Hz. Keeping a 10 dB safe margin the 
noise floor of the system should be below −120 dBc/Hz. 
It is evident from Fig. 6 that at 0.2 mA photo current a 
laser having a RIN of −123 dB/Hz keeps the total noise 
floor at −120 dBc/Hz. Above this photo-current value the CNR will remain constant with higher optical LO power. 
Assuming the responsivity of PD (rpd) as 0.8 A/W, the minimum power of each laser required for a single tile is 
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Hence, the minimum optical power of each laser required for 25 tiles is 3.1 mW (0.125 mW×25). 

The distributed feedback laser (DFB) that we intend to use for this system operates at 1.55 μm and a 
linewidth of 1.7 kHz has been demonstrated [5] which is expected to be reduced to tens of Hz. 

7. Conclusion 

The optical LO generation by heterodyning and its compliance with the requirements of a standard LO used 
in commercial LNBs has been investigated. Specifications on LO power, linewidth and relative intensity noise 
requirements of the optical LO have been addressed. The floor of the phase noise is limited by the RIN of the beat 
signal at the PD. The optical LO generation is experimentally demonstrated and the requirements on CNR have been 
determined by measuring the noise floor and the optical LO power. We conclude that to achieve an optical LO 
homologous to a standard LO its linewidth should be 125 Hz. Also the laser RIN should be -123 dB/Hz or lower 
with a minimum optical power of 0.125 mW. 
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