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Abstract 

Satellite Precoding is a promising technique to meet the target 

data rates of the future high throughput satellite systems and 

the costs per bit as required by 5G applications and networks, 

but it requires strict synchronization among the transmitted 

waveforms, in addition to accurate channel state information. 
Most of the published work about this topic consider ideal 

oscillators, but in practice, the output of an oscillator is not a 

single spectral line at the nominal frequency. This paper 

proposes a model for the oscillator phase noise and analyzes 

the resulting received signal to interference plus noise ratio 

(SNIR) in a satellite communication system using Precoding. 

Simulations of a communication satellite system with a two-

beam transponder and two receivers were performed to 

compute the effective SNIR. This work uses a simulator which 

also considers practical impairments such as time 

misalignment, errors in the channel state information, 

interference, thermal noise and phase noise masks for satellite 

oscillators. The Precoding methods used for the analysis are 

Zero Forcing (ZF) and Minimum Mean Square Error 

(MMSE). The obtained results prove that there is a degradation 

in the performance due to the use of independent oscillators 

but this effect is compensated by the precoding matrix. 

1 Introduction 

Satellite Precoding is a promising strategy to meet the target 

data rates of the future high throughput satellite systems (HTS) 

and the costs per bit as required by 5G applications and 

networks [1], [2]. Recent research activities have a special 

focus on multi-beam Precoding for multicast communication 

to achieve higher energy efficiencies [3] and to design better 

scheduling algorithms [4].   

Precoding, which is a multi-user MIMO technique, requires 

strict synchronization among the transmitted waveforms in 

addition to channel state information, a requirement shared by 

all coherent distributed MIMO techniques [5]. A considerable 

amount of literature introducing new synchronization methods 

has been published [6]. Besides, other works have analyzed the 

effects of phase errors on signal coherence [7], [8]. 

Specifically, authors in [8] consider errors resulting from 

imperfect clock alignment and platform spatial measurements 

in an open-loop system. As a result, they obtain beamforming's 

tolerance to synchronization errors depending on the number 

of nodes and the desired coherence gain.  

The studies mentioned above consider ideal oscillators, but in 

practice, the output of an oscillator is not a single spectral line 

at the nominal frequency 𝑓0, but it has sideband power as is 

shown in Fig 1 [9]. These phase and frequency instabilities 

affect Precoding performance. 

 
Fig. 1 Spectrum of the oscillator 

Using a common local oscillator (LO) as clock reference might 

seem like a solution to this problem but it is not an alternative 

in distributed systems, such as network MIMO [10] and cloud 

radio access network (C-RAN) [4], [11]. In this context, the 

main challenge is to coordinate the transmission of multiple 

geographically distant antennas that cannot use a common LO. 

The lack of a common oscillator also appears in practical 

satellite systems, due to technical constraints, such as 

independency between payloads, autonomy, robustness, cross-

interference between RF channels and redundancy, where the 

whole system should not rely on the same oscillator [5], [12]. 

Some authors have dealt with this problem during Precoding 

design and implementation. For example, in [13], Gharanjik et 

al. propose a robust design by considering the time-varying 

phase noise introduced by oscillators onboard the satellite. The 

robustness is imparted by modeling the phase uncertainty as a 

random process and ensuring that the outage probability is 

maintained at desired levels. While in [14], Taricco considers 

the phase instability of the local oscillators driving the antenna 

feeds at the satellite payload as one of the phase offset causes 

in the Precoding implementation. Both papers model the phase 

uncertainty as Gaussian random process with zero mean and 

standard deviation 𝜎, 2° < 𝜎 < 20°. 
A very interesting paper recently explores the effects of non-

ideal oscillators in a multi-antenna hybrid digital-analog 

beamforming transceiver architecture [15]. The authors 

modeled the phase noise as Wiener and Gaussian processes in 
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three different architectures: common LO, independent LOs 

and a block-based architecture. Through simulations they 

arrived at the conclusion that the phase noise has more impact 

on the system performance when it is modeled as a Wiener 

process in an independent LOs architecture. In that case, for a 

phase noise variance of 10°, there is an error of more than 7° 

at the beam pointing and the sidelobe level increases in almost 

2 dB respect to the common LO architecture. 

However, in practice oscillator noise is affected by additional 

phenomena that are not included in the aforementioned 

models. Many authors have studied this topic, searching for 

advanced models to characterize oscillator near-carrier power 

spectral density (PSD) [16], [17]. Empirical models based on 

measurements suggest that the phase noise PSD can be 

described as a sum of power-law processes ℎ𝛼|𝑓|𝛼 with 𝛼 ∈
{−4,−3,−2,−1,0} [9]. According to this idea the random 

walk frequency noise, ℎ4|𝑓|4, continues increasing infinitely 

while frequency approaches oscillator’s nominal value. 

However, more recent researches consider an additional 

Gaussian session segment [16], instead of the spectral line at 

the carrier frequency shown in Fig. 1, which is more similar to 

the real characteristic. This model, represented in Fig 2, 

includes the frequency drifts of a practical system, which is 

similar to a frequency modulation or spreading of the main 

carrier. 

  
Fig. 2 Oscillator PSD characteristic near the oscillator 

frequency [16] 

In this paper, we propose a model for the oscillator phase noise 

and analyze the resulting received signal to interference plus 

noise ratio (SNIR) in a satellite communication system using 

Precoding. The work takes advantage of the simulations of a 

system with two beams and two receivers using a simulator 

developed by the Sigcom group. This allows considering 

practical impairment sources in a satellite communication such 

as time misalignment, errors in the channel state information, 

nonlinearities in the transmitter, interference, thermal noise 

and phase noise masks for consumer reception systems from 

ETSI standards for Digital Video Broadcasting (DVB) [19]. 

The Precoding methods used for the analysis are Zero Forcing 

(ZF) and Minimum Mean Square Error (MMSE) which are the 

simplest and most popular among the scientific community. 

This work analyzes independent LO for each beam and 

modeled the phase noise according to the two-state model 

proposed by Galleani in [20]. 

 

2 Two-state noise oscillator model 

The output voltage 𝑢0(𝑡) of a generic oscillator with a nominal 

frequency 𝑓0 is 𝑢0(𝑡) = [𝐴 + 𝑎(𝑡)] cos(2𝜋𝑓0𝑡 + 𝜙(𝑡)) where 

𝐴 is the mean amplitude of the oscillator output, 𝑎(𝑡) is the 

zero-mean amplitude noise and 𝜙(𝑡) is an error term due to 

oscillator phase noise. In this work, we consider that the effects 

of amplitude noise are overshadowed by the effects of phase 

noise, which is a common assumption in published work in 

this field. From this expression, we can obtain two 

fundamental quantities used to characterize clocks: phase and 

frequency deviation. The frequency deviation 𝑦(𝑡) is defined 

as the derivative of the phase deviation, which is 𝑥(𝑡) =
𝜙(𝑡)

2𝜋𝑓0
. 

As was mentioned above, phase noise PSD, 𝑆𝜙(𝑓), can be 

described by  

𝑆𝜙(𝑓) = {
∑ ℎ𝛼𝑓𝛼

0

𝛼=−4

0 < 𝑓 < 𝑓ℎ

0 𝑓 ≥ 𝑓ℎ

 (1) 

where 𝑓ℎ is the high-frequency cut-off of an infinitely sharp 

low-pass filter [21]. These ℎ𝛼𝑓𝛼 terms are related to random 

walk FM, flicker FM, white FM, flicker and white phase noise 

respectively [16]. 

A simpler implementation is the two-state clock noise model 

which considers just white FM phase noise (𝛼 = −2) and 

random walk FM phase noise (𝛼 = −4). Experimental 

evidence shows that the frequency deviation of a cesium clock 

is made by these two noises, namely, a white noise and a 

Wiener process. The last one is responsible for the random 

walk nature of the frequency deviation, while the white noise 

accounts for the local oscillations. Therefore, the frequency 

deviation can be written as 

𝑦(𝑡) = 𝜉1(𝑡) + 𝑥2(𝑡) (2) 

where 𝜉1(𝑡) denotes a zero-mean Gaussian random process, 

𝜉1(𝑡)~𝑁(0, 𝑞1), and 𝑥2(𝑡) is a Wiener process. 

The Wiener process, also known as Brownian motion, is the 

prototype of random walks. It is characterized because the 

increments between two consecutive samples are normally 

distributed independent processes, Δ𝑤~𝑁(0, 𝑡). In continuous 

time: 

𝑥2(𝑡) = ∫ 𝜉2(𝑡̇)
𝑡

0

𝑑𝑡̇ (3) 

where 𝜉2(𝑡̇)~𝑁(0, 𝑞2). 

To obtain the two-state model of the phase noise we substitute 

in equation (2) the phase deviation and the expression (3) for 

the Wiener process:  

𝑑𝑥(𝑡)

𝑑𝑡
= 𝜉1(𝑡) + ∫ 𝜉2(𝑡̇)

𝑡

0

𝑑𝑡̇ (4) 

Taking the derivative for both sides: 

𝑥(𝑡) = 𝑥1(𝑡) = ∫ 𝜉1(𝑡̌) + ∫ 𝜉2(𝑡̇)
𝑡

0

𝑑𝑡̇𝑑𝑡̌
𝑡

0

 (5) 

Equation (5), shown in graphical form in Fig 3, describes the 

two-state clock noise model [17]. 
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Fig. 3 Two-state noise clock model 

2.1 Discrete-Time Implementation 

To implement the system in Fig 3, it is useful to express 

equation (4) in the state-space form: 

[
𝒙′

𝟏(𝑡)

𝒙′𝟐(𝑡)
] = [

0 1
0 0

] [
𝒙𝟏(𝑡)
𝒙𝟐(𝑡)

] + [
𝝃𝟏(𝑡)
𝝃𝟐(𝑡)

] (6) 

Where the inputs 𝝃𝟏 and 𝝃𝟐 are two independent zero-mean 

Gaussian random processes with a correlation matrix 

𝑹𝝃𝟏𝝃𝟐
(𝜏) = [

𝑞1 0
0 𝑞2

] 𝛿(𝑡); 𝒙𝟏 and 𝒙𝟐 are the states and 𝒙′𝟏, 

𝒙′𝟐 refers to their derivatives [17]. 

A discrete-time equivalent expression for equation (6) was 

obtained in [20] and has the form: 

𝒙[𝑛] = [
1 𝑇𝑠

0 1
] 𝒙[𝑛 − 1] + 𝜼[𝑛 − 1] (7) 

with 𝒙[𝑛] = [
𝒙𝟏[𝑛]

𝒙𝟐[𝑛]
], 𝜼[𝑛] = [

𝜼𝟏[𝑛]

𝜼𝟐[𝑛]
] and 𝑇𝑠 sampling period. 

The covariance matrix of 𝜼[𝑛] is given by 

𝑪𝜼𝟏,𝜼𝟐
=

[
 
 
 𝑞1𝑇𝑠 + 𝑞2

𝑇𝑠
3

3
𝑞2

𝑇𝑠
2

2

𝑞2

𝑇𝑠
2

2
𝑞2𝑇𝑠 ]

 
 
 

 (8) 

According to  [20], [22], 𝑞1 and 𝑞2 are directly related to the 

Allan variance 𝜎𝑦
2(𝜏) through 

𝜎𝑦
2(𝜏) =

𝑞1

𝜏
+

𝑞2𝜏

3
 (9) 

This is a typical tool used to characterize the noise in 

oscillators and could be obtained from experimental 

measurements. Besides, the Allan variance is related to the 

noise PSD in equation (1) by [21]  

𝜎𝑦
2(𝜏) = ℎ−4

2𝜋2

3
𝜏 + ℎ−32 ln 2 + ℎ−2

1

2𝜏

+ ℎ−1

1.038 + 3 ln(2𝜋𝑓ℎ𝜏)

4𝜋2𝜏2

+ ℎ0

3𝑓ℎ

4𝜋2𝜏2
 

(10) 

For the two-state model analyzed in this paper, we consider 

just the first and the third terms in equation (10). Then, 

equalling equation (9) and (10) we obtain 

𝑞1 =
ℎ−2

2
𝑞2 = 2𝜋2ℎ−4

 (11) 

Using these equivalences it can be generated the two-state 

model for any real or theoretical phase noise PSD.   

 

3 Satellite precoding system with different 

clock references 

This work studies the effects of the oscillators phase noise in a 

satellite precoding system detailed in the next section. To 

simplify the analysis, unicast communication between the 

satellite and two user terminals on Earth is considered. The 

satellite has two antennas feeds in single feed per beam 

configuration and uses precoding to avoid interference 

between the beams. 

It is well known that precoding operates by generating the 

transmitted signal 𝜒(𝑡) by multiplying the input symbol vector 

with the precoding matrix 𝑾 = [
𝑤11 𝑤12

𝑤21 𝑤22
]. In a vector form: 

𝛘𝒑 = 𝑾𝒔 (12) 

Where 𝛘𝒑[𝑛] = [
𝛘𝒑𝟏

𝛘𝒑𝟐
] is the precoded transmitted signal and 

𝒔[𝑛] = [
𝐬𝟏

𝒔𝟐
] represents the input data symbols. It should be 

noted that the phase noise is a fast-varying process that cannot 

be captured in the CSI loop. To evaluate the error introduced 

by different clock references during the upconversion, the 

terms 𝑒𝑗𝜙(𝑡) were included in equation (12): 

[
𝛘𝒑𝟏

𝛘𝒑𝟐
] = [

𝑤11𝑒
𝑗𝝓𝟏 𝑤12𝑒

𝑗𝝓𝟏

𝑤21𝑒
𝑗𝝓𝟐 𝑤22𝑒

𝑗𝝓𝟐
] [

𝐬𝟏

𝒔𝟐
] (13) 

The precoding matrix is calculated using the channel state 

information (CSI) obtained from each receiver. Basically, each 

user sends its estimation of the downlink channel 𝑯̃, and the 

precoding matrix is calculated in the gateway by two methods: 

zero-forcing (ZF) or minimum mean square error (MMSE). 

The former uses the pseudo-inverse of the channel matrix, 

𝑾 = 𝑯̃𝐻(𝑯̃𝑯̃𝐻)−1, where 𝑯̃𝐻 means the Hermitian matrix of 

𝑯̃. Otherwise, MMSE takes into account both the interference 

and the noise in order to improve the system performance also 

in noise-limited scenarios, 𝑾 = 𝑯̃𝐻(𝑯̃𝑯̃𝐻 + 𝛼𝑰)−1, with 𝛼 

being a regularization parameter inversely proportional to the 

SNR and 𝑰 the identity matrix [23]. 

The received signal at the user terminal equals  

𝒓 = 𝑯𝛘𝒑 + 𝒛 (14) 

where 𝒛[𝑛] = [
𝐳𝟏

𝒛𝟐
] is the Gaussian noise and 𝑯 = [

ℎ11 ℎ12

ℎ21 ℎ22
] 

is the experienced channel on the downlink. It should be noted 

that in a system with a common clock reference (phase drift 

𝑒𝑗𝝓), instant and perfect channel estimation (𝑯̃ = 𝑯), then 

applying ZF yields 𝑾 = 𝑯−𝟏 and 𝒓 = 𝒔𝑒𝑗𝝓 + 𝒛. However, 

substituting equation (13) in (14)  

[
𝒓𝟏

𝒓𝟐
] = [

𝑔11𝒔𝟏+𝑔12𝒔𝟐+𝒛𝟏

𝑔21𝒔𝟏 + 𝑔22𝒔𝟐 + 𝒛𝟐
] (15) 

With 

𝑔11 =
(ℎ11ℎ22𝑒

𝑗𝝓𝟏 − ℎ12ℎ21𝑒
𝑗𝝓𝟐)

det⁡(𝑯)
 

𝑔12 =
(ℎ12ℎ11𝑒

𝑗𝝓𝟐 − ℎ11ℎ12𝑒
𝑗𝝓𝟏)

det⁡(𝑯)
 

𝑔21 =
(ℎ21ℎ22𝑒

𝑗𝝓𝟏 − ℎ22ℎ21𝑒
𝑗𝝓𝟐)

det⁡(𝑯)
 

𝑔22 =
(ℎ22ℎ11𝑒

𝑗𝝓𝟐 − ℎ21ℎ12𝑒
𝑗𝝓𝟏)

det⁡(𝑯)
 

One of the most used parameters to measure performance in 

precoding systems is the signal to noise plus interference ratio 

(SNIR). According to [24], the SNIR at each receiver when ZF 

is used can be computed as:  

𝑆𝑁𝐼𝑅𝑖 =⁡
|𝑔𝑖𝑖|

2

|𝑔𝑖𝑗|
2
+ 𝜎𝑧

2
 (16) 



This equation considers channel noise power 𝜎𝑧
2 and 

interference power |𝑔𝑖𝑗|
2
. It is evident that the use of different 

clock references will decrease the SNIR at the receivers due to 

an increment in the interference between beams. A similar 

approach can be followed for MMSE but it is omitted here due 

to space limitations.  

 

4 System implementation 

The satellite communication system simulated is represented 

in Fig 4. The system is composed of a two-beams transparent 

satellite transponder, the communication channel and the 

ground segment with the gateway and two user terminals. The 

transmitted signal was simulated according to the framing 

structure in the DVB-S2x standard [25]. Precoding is used for 

the downlink communication between the transponder and the 

user terminals, identified as Rx1 and Rx2 in Fig 4. The channel 

is assumed static in all simulations, and the return and feeder 

links are considered ideal. The right side of Fig 4, represents 

how was included the oscillator model in the simulations: u1(t) 

and u2(t) are the clock reference for each beam at the 

transponder. Section 5 analyzes the effects of using two 

independent oscillators, as shown in Fig 4, against the use of a 

common clock reference, 𝒖𝟏(𝒕) = ⁡⁡𝒖𝟐(𝒕) = 𝒖(𝒕). 

 
Fig. 4 Simplified diagram of a satellite communication 

system using Precoding with independent clock references 

for each beam in the downlink channel. 

The standard DVB-S2x defines a fixed framing structure to 

increase resilience to co-channel interference and to support 

synchronization algorithms [25]. For precoding purposes, the 

specifications state 9 bundled payload frames at each 

superframe. Each bundled frame contains a header, a precoded 

pilot field, 71 non-precoded pilots and 64800 payload 

symbols. This structure is represented in Fig 5. In the 

performed simulations, it was considered 80 MBaud of baud 

rate. Then, the transmission of a pilot takes 0.45 μs while a 

superframe lasts for 7.66 ms. 

 
Fig. 5 Superframe structure from the DVB-S2x standard [25] 

Precoding systems use non-precoded pilots to estimate the 

channel response at the receivers. Each pilot is formed by 36 

BPSK symbols carrying Walsh-Hadamard sequences. The 

receivers compute an estimation of the distortion introduced at 

each beam by the channel. This information is sent to the 

Gateway, where the CSI, 𝑯̃ = [
𝒉̃𝟏𝟏 𝒉̃𝟏𝟐

𝒉̃𝟐𝟏 𝒉̃𝟐𝟐

], is estimated. In 

order to increase robustness, the receiver averages over 𝑯̃ 

estimates originating from several consecutive pilot 

sequences. The number of averaged estimates varies according 

to the SNIR of the system. The simulations, evaluate different 

values for this parameter.   

The gateway uses these CSI to calculate the precoding matrix. 

There are multiple algorithms to calculate 𝑾, but this work 

uses only ZF and MMSE, which are well known by the 

community. It is worth noting that the estimation from one 

superframe is used to compute the precoding matrix for the 

next superframes. The time gap between both of them depends 

on the delay of the communication link. For the simulations, it 

is considered zero-delay and 500 ms, which is the approximate 

delay for a closed-loop between the ground and a GEO 

satellite. Closed-loop includes both links, the direct one, 

gateway-transponder-receivers, shown as solid line arrows in 

Fig 4, and the return link, receivers-transponder-gateway, with 

dashed line arrows. 

The gateway-satellite link is considered ideal, which is a valid 

assumption since it is usually a direct link with frequency 

division multiplexing and high SNIR. However, it introduces 

a considerable delay that cannot be omitted. For that reason, it 

was included in the channel model the response of the link 

between the satellite and the user terminals and the delay of 

both sections gateway-satellite and satellite-user terminals. 

The channel is modeled with coefficients 𝒉𝒊𝒋 provided through 

an European Space Agency (ESA) project [18]. The channel 

coefficients used for the selected locations are 

𝑯 =⁡ [
−0.4016 + 0.0064𝑗 −0.0071 + 0.0277𝑗
−0.1911 − 0.1533𝑗 −0.2501 − 0.3269𝑗

] ∙ 10−6 

 

5 Simulations results 

Fig 6 shows two realizations, 8.4 s, of the phase noise model 

implemented. They were used to generate the phase drift at 

each clock reference in the satellite. As was discussed in 



section 2, the phase noise model output contains a Wiener 

process plus an integrated Wiener process. That makes the 

phase noise have a smoother behavior than that of a simple 

Wiener process, so its variance grows quadratically with time, 

while the variance of a Wiener process increases linearly with 

time.   

 
Fig. 6 Phase drift from two independent oscillators  

The phase noise model output is a non-stationary stochastic 

process which implies that its PSD varies with time. The time-

frequency representation of this PSD is shown in Fig 7. 

 
Fig. 7 Time-frequency representation of the spectral 

characteristic for one realization of the phase noise. 

Besides, it was computed the estimation of the PSD 

represented in Fig 7 to verify the correspondence with the 

desired phase noise mask. The phase noise masks are 

generated through measurements of real oscillators PSD. For 

the simulations, a PSD with the 1/𝑓2 starting in 10 Hz at -75 

dB was chosen. Figure 8 shows the estimated PSD of the clock 

references used in the simulations.  

 

 

Fig. 8 Estimated PSD for the phase noise used in the 

simulations. 

The first simulation models the performance degradation due 

to the phase noise in an ideal system with perfect and updated 

CSI. It was compared the SNIR obtained with ZF and MMSE 

for a range of transmission power when it is used a common 

clock reference, dashed lines in Fig 9, against independent 

oscillators for each beam, solid line in Fig 9. As can be seen in 

the figure, there is an SNIR gap that grows with the 

transmission power. That is an expected result since the 

interference in equation (16) is directly related to the 

transmission power. It means that for low transmission power 

the channel noise 𝜎𝑧
2 has more influence in the system 

performance, but as the transmission power increases the 

system is more affected by the inter-beam interference due to 

the oscillators phase noise. However, the SNIR degradation is 

lower than 4 dB in the worse scenario. 

 
Fig. 9 Open-loop simulation of phase noise PSD. 

Besides, the closed-loop system was modeled: first, CSI is 

estimated using the pilots from three superframes and with this 

estimation, the system calculates the precoding matrix to send 

the payload symbols of the next superframe. It was considered 

zero and 500 ms of delay and it was computed the SNIR at the 



receivers for a set of transmission power. The results are 

shown in Fig 11. 

 
Fig. 11 Closed-loop simulation of phase noise PSD. 

This simulation shows similar results to the open-loop one, for 

low transmission power MMSE performs better than ZF and 

the use of a common oscillator has less impact. However, for 

higher transmission power the closed-loop showed better 

results since all curves converge to the same value. This is an 

expected result since phase deviation due to the oscillators are 

part of the CSI estimated by the receivers and therefore they 

are compensated with 𝑾. The delay has a very small effect in 

this performance, but it is important to note that this simulation 

considers a static communication channel. Results may be 

different when we include the dynamic behavior of the 

channel. 

 5 Conclusion 

This paper deals with the effects of the phase noise from 

oscillators in the performance of satellite communication 

systems with precoding. Using the two-state phase noise 

model it was analyzed the degradation in the SNIR at the 

receivers for a 2x2 system with common and independent 

clock references. The simulations included the effects of the 

delay and the CSI estimation errors.   

The obtained results prove that there is a degradation in the 

performance of precoding systems due to the use of 

independent oscillators. In the open-loop system, the SNIR 

gap between a common clock reference and independent 

oscillators increases with the transmission power but never 

was bigger than 4 dB. However, in a closed-loop system, this 

effect is compensated by the calculation of the precoding 

matrix. According to the simulation results, the delay does not 

have much impact, but it may change if we include the 

dynamic characteristic of the channel which is part of our 

future work. 

Other open questions in this work are the effect of other 

impairments such as the initial phase offset between oscillators 

and the extension to more complex systems, bigger than 2x2. 
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