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Abstract

Very high throughput satellite systems have recently been developed to offer high-speed connectivity, especially in remote areas,

planes and ships. The high data rates can be achieved by using a multibeam approach with an aggressive reuse of the available

frequency resources. Due to the high number of user beams, the system must support a large aggregated bandwidth. Multiple-

gateway architectures are a necessary solution to sustain the immense bandwidth requirements. Multiple-input multiple-output

(MIMO) feeder links have been proposed to address the ground segment design challenges of multiple-gateway architectures.

The deployment costs and the link availability performance can in particular benefit from this approach. However, to coordinate

the operation of multiple gateways, high precision time and phase synchronization is necessary. In this paper, the effect of time

and phase misalignment in NxN MIMO feeder links is studied. The performance limitation due to imperfect time and phase

distribution is analyzed. Synchronization via optical fiber is considered in this study. The accuracy of time distribution was

verified through laboratory measurements. The impact of the residual timing error on the achievable system bandwidth was

assessed. Results showed that several GHz of bandwidth can be supported. On the other hand, a recently proposed phase

synchronization approach is considered as a promising candidate for MIMO feeder links. Its phase stability performance is

assessed and it is emphasized that requirements in terms of link outage are fulfilled.
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Summary

Very high throughput satellite systems have recently been developed to offer high-speed

connectivity, especially in remote areas, planes and ships. The high data rates can be

achieved by using a multibeam approach with an aggressive reuse of the available fre-

quency resources. Due to the high number of user beams, the system must support a large

aggregated bandwidth. Multiple-gateway architectures are a necessary solution to sustain

the immense bandwidth requirements. Multiple-input multiple-output (MIMO) feeder links

have been proposed to address the ground segment design challenges of multiple-gateway

architectures. The deployment costs and the link availability performance can in particu-

lar benefit from this approach. However, to coordinate the operation of multiple gateways,

high precision time and phase synchronization is necessary. In this paper, the effect of time

and phase misalignment in NxN MIMO feeder links is studied. The performance limita-

tion due to imperfect time and phase distribution is analyzed. Synchronization via optical

fiber is considered in this study. The accuracy of time distribution was verified through lab-

oratory measurements. The impact of the residual timing error on the achievable system

bandwidth was assessed. Results showed that several GHz of bandwidth can be supported.

On the other hand, a recently proposed phase synchronization approach is considered as

a promising candidate for MIMO feeder links. Its phase stability performance is assessed

and it is emphasized that requirements in terms of link outage are fulfilled.
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1 INTRODUCTION

High throughput satellite (HTS) systems are at the forefront of advancements for satellite communications, allowing for capacities of over 1
Tb/s 1. Unlike classical satellite applications, HTS systems are based on frequency reuse and geographically separated user beams 2. This allows
for the beams to cover smaller regions, instead of serving areas as big as continents. However, serving multiple user beams at the same time is a
demanding task. Furthermore, because computing resources on-board the satellites are limited, most of the signal processing applied in the forward
link are performed at the transmitter side, i.e. in the gateways.

Different downlink optimization techniques have been adopted in HTS systems to cope with the high data traffic demands. One such solution is
aggressive frequency reuse in the user links. Precoding is implemented to mitigate the interference between the user beams of these architectures.
The interference of beams within the same cluster and in different clusters has been thoroughly studied and precoding methods to reduce it
have been designed 3,4. Moreover, distributed predistortion techniques are proposed to improve the spectral and power efficiency in non-linear
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satellite channels 5. Performance optimization algorithms for the non-orthogonal multiple-access (NOMA) beamforming architectures have also
been investigated 6. These algorithms facilitate serving multiple users per beam in the same time slot. Furthermore, beam-hopping techniques are
considered for a more efficient allocation of the available resources according to the traffic demands, even among different clusters of beams 7,8.
Another acknowledged approach is employing digital transparent payloads for HTS systems 9. The main motivation of digital transparent payloads
is to enable a flexible allocation of the physical layer resources on-board the satellite.

Proper dimensioning of the feeder links for the HTS systems is also a requirement to support the higher data rate. Due to the limited uplink
frequency resources, single gateway systems are not able to support the increased traffic, even if higher frequency bands like Q/V (5 GHz available)
or even W band (also 5 GHz available) are used. As a consequence, a large number of ground stations separated by hundreds of kilometers
from each other must be deployed. The development of such systems is a burdensome and costly task. Recent works proposed multiple-input
multiple-output (MIMO) feeder links as a candidate to overcome several implementation bottlenecks that multiple-gateway architectures face 10,11.
MIMO systems consist on using multiple transmit and receive antennas operating simultaneously by exploiting spatial multiplexing. MIMO feeder
links could contribute to the cost reduction of the ground segment, allow for a more efficient placement of the ground stations and improve the
performance under atmospheric perturbations. While other applications consider the implementation of MIMO precoding to mitigate interference
between spatially separated feeder links 12, the approach of MIMO feeder links consists on using precoding to enable spatial multiplexing from
ground stations located in the same beams.

However, the ground-based processing techniques in multiple-gateway systems require high precision coordination between the gateways for
a successful operation. For example, in the case of precoding, it is necessary to have the gateways synchronized in time and phase 12. In another
application, it is demonstrated that while dealing with predistortion in multiple-gateway systems, a deviation of the baseband signals from the ideal
case due to a drift in time or phase causes the system to undergo a significant performance loss 5. Phase and time synchronization is a practical
aspect that is only rarely considered in theoretical studies. Nevertheless, synchronization in such distributed systems remains a troublesome task as
the desire for higher capacity necessitates always better performing alignment. In this paper, we address the time and phase misalignment problem
in multiple-gateway architectures that employ the MIMO feeder link technique.

As with MIMO feeder links and multiple-gateway architectures in general, highly stable distribution of time and frequency over long distances
is a necessity in many other applications. Among a few time dissemination techniques, the most predominant are satellite-based schemes, such as
the Global Positioning System (GPS) 13,14. Albeit popular and easy to access, these systems are becoming obsolete over time due to their limited
ability for stable distribution, with typical uncertainty values of 10 ns to 20 ns 15,16,17. The increasing demand for higher precision requires other
approaches. Radio signals in the VHF (144-148MHz) and UHF (420-450MHz) amateur frequency bands have been proposed for aligning handheld
ground receivers separated by a few kilometers 18. However, the MIMO feeder link approach requires the ground stations to be tens of kilometers
away. In the recent years, distribution of time and frequency over optical fiber has been intensively studied as a candidate solution. Compared to
satellite-based techniques, fiber links are less prone to external perturbations and they guarantee broad bandwidth, low attenuation and scalability.
Experiments prove that sub-nanosecond time misalignment values can be maintained over long distances 19. Furthermore, the optical fiber time
distribution approach has already found practical application 20.

Likewise, due to the aforementioned characteristics, optical fiber is also the preferred solution for stable frequency distribution to ground sta-
tions separated by long distances 20. Another advantage is that, transmission over fiber suffers from relatively low phase noise 21. Using fiber for
both time and frequency distribution is also a cost effective solution because synchronization can be implemented on the existing fiber infrastruc-
ture used for data transfer 22. In general, the methods for phase synchronization through stable frequency distribution over fiber are separated
in two major techniques: active phase compensation and passive phase compensation 23. Passive compensation is an open-loop scheme, which
is based on frequency mixing to cancel out the phase noise accumulated during transmission over the fiber 23,24. On the other hand, active com-
pensation employs a feedback loop (closed-loop) to compensate for the phase noise with the help of voltage-controlled or digitally-controlled
oscillators 20,21,22. The passive compensation technique is still in its infancy and its performance is strikingly dependent on the quality of the mixers
being used 24. As a result, the active compensation technique continues to be the most favored solution and has already been practically tested 22.

We focus in this work on the impact of time and phase misalignment between the ground antennas in an NxN MIMO feeder link with a Geo-
stationary Earth Orbit (GEO) satellite. Mathematical models that describe the performance limitation due to imperfect time and phase distribution
were developed. An experiment was implemented to test the ability of the optical fiber for high precision time synchronization. For the experiment,
we synchronized in time two White Rabbit devices, which are a commercially available solution for optical fiber time distribution. The White Rab-
bit devices were connected with a few tens of kilometers long fiber. The experimental results were used as input to our transmission chain model
and the impact of the imperfections on the performance was evaluated. Regarding phase synchronization, the results from an already experimen-
tally tested technique for the Square Kilometre Array project 22 are exploited. The phase uncertainty numbers measured in this application were
applied to our mathematical model and the performance penalty on the carrier to interference plus noise ratio (CINR) was evaluated.

The rest of the paper is organized as follows. In Section 2, the system architecture for anNxN MIMO feeder link is introduced. Furthermore, time
and phase impairments affecting this setup are analyzed. The impact of the residual time and phase misalignment due to imperfect synchronization
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Figure 1NxN MIMO feeder link with time and phase impairments.

on the performance of an NxN MIMO feeder link is explained in Sections 3 and 4 accordingly. In Section 5, the experiment for time synchro-
nization of two White Rabbit devices over a few tens of kilometers long optical fiber is demonstrated. Additionally, the concept behind the phase
synchronization technique implemented in the Square Kilometre Array project is explained. The numerical results are compared with the analysis
of Sections 3 and 4 to assess the practical feasibility of MIMO feeder links using the proposed synchronization solutions. Lastly, conclusions are
drawn in Section 6.

2 SYSTEM ARCHITECTURE

The architecture of an NxN MIMO feeder link is illustrated in Fig. 1. The ground stations transmit to a GEO satellite, which uses multiple
antennas to receive the signals. hmn(τ) represents the coefficient for the channel between them-th satellite antenna and the n-th ground antenna.
τ is used to indicate the observation time instant. Even though it is not the focus of this work, a proper implementation of the MIMO feeder link
involves precoding of the signal streams at the ground stations 10. The performance of the MIMO feeder link is particularly dependent on the
phase and time alignment between the transmission paths to the satellite. This section analyzes this dependency and introduces the sources of
imperfections. In Fig. 1, the blue color is used to indicate the components and variables related to time synchronization. On the other hand, with
the red color are marked the components and variables related to phase synchronization.

Unlike for the forward feeder link, time and phase synchronization of the ground stations is unnecessary for the return link. MIMO post-
processing can compensate the time and phase downlink uncertainties at the ground receivers. This can be done with the help of pilot symbols 11.
Therefore, the return link is not considered in Fig. 1 and for the remainder of the paper.

2.1 Time impairments

For the sake of simplicity, in Fig. 1, we concentrate on the two gateways on the left (referred to as GW1 and GW2 in the following) and the
twomai satellite antennas on the left (referred to as S1 and S2 in the following). t1(τ) in Fig. 1 represents the propagation time from GW1 to the
satellite. Similarly, t2(τ) represents the propagation time from GW2 to the satellite. The path lengths can strongly differ due to the large separation
between the ground antennas. Additionally, even though the satellite position is expected to be fixed with respect to an observer on Earth, the path
lengths vary slowly over time due to the satellite’s movement in its station keeping box. As a consequence, there is an always changing difference in
transmission times between the ground antennas and the satellite. This time perturbation is illustrated with∆tx2(τ) = t1(τ)− t2(τ) in the figure.
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In an ideal scenario, the parameter ∆tx2(τ) is the only timing mismatch between the transmission paths of the two ground antennas. The
available literature has already providedmathematical models to study its behavior 10,25. Furthermore, it has been shown that, as long as the satellite
movement is continuously tracked, it is possible to compensate the time difference between the uplink paths 26. This can be done by introducing a
controlled delay to GW2, namely∆t̃x2(τ) in Fig. 1 27. Ideally, the delay introduced at GW2 must be equal to∆tx2(τ), because then it is guaranteed
that the signals transmitted from GW1 and GW2 arrive exactly at the same time at the satellite. The same logic is applied for the rest of the
gateways, where, at each gateway, a controlled delay is introduced so that the time differences with GW1 are cancelled out.

If the ground antennas are not synchronized, the equality between the propagation time differences and the controlled delays cannot be guar-
anteed. As a consequence, a time synchronization technique should be applied to align the stations so that the signals can arrive at the same time
at the satellite. To this end, a time reference block is added in Fig. 1. Once connected to the ground stations, it should distribute the time reference
to them. Thus, the ground stations will be synchronized and the signals will arrive at the same time at the satellite. However, there will always be
a residual time alignment error that varies over time. The time reference block is connected via fiber links to the ground stations, which might be
placed tens of kilometers away. The distribution of the time reference over long distances can lead to imperfections of the time alignment. These
impairments are mainly present due to hardware imperfections and temperature changes. Therefore, timing alignment mismatches ε1(τ), ε2(τ),
... and εN (τ), between the different ground stations and the reference source, are added in Fig. 1. In Section 3, the impact of the residual time
misalignment and the minimum level of time synchronization accuracy for a MIMO feeder link are characterized.

2.2 Phase impairments

For the MIMO feeder link in Fig. 1, the contributors to the phase instability of the uplink signal are grouped into: phase noise from the signal
source itself (local oscillator), phase noise added from the electronic equipment at the transmitter side (internal noise), variations caused to the
transmission channel due to atmospheric perturbations and phase noise added during frequency distribution 25.

The signal sources (local oscillators) for the ground systems in similar applications are based on maser technology with very low phase noise,
which is insignificant to affect the operation of such systems 28. Moreover, previous works have provided analytical models to describe the phase
noise of imperfect oscillators and have introduced methods on how to compensate it 29,30.

Being an important aspect, solutions have already been investigated to guarantee phase stability in uplink array systems where internal noise
at the ground stations is present 28. This approach consists on installing sensors on the ground antennas to measure the phase stability and
implementing closed loop circuits for the entire electronic pathways to correct imperfections.

Even though it is not the focus of this work, special attention is given to atmospheric perturbations. The signals being transmitted from the
ground stations to the satellite suffer phase scintillation while propagating in the troposphere. If not dealt properly, phase scintillation can over-
power the residual phase noise due to imperfect ground synchronization. In a similar application, it was shown that, such impairments can be
compensated by introducing phase adjustments through complex multiplications in the transmission path of the ground antennas transmitting to a
GEO satellite 27. However, it is important to estimate the atmospheric perturbation as reliably as possible and avoid that the estimation is outdated
when used for compensation. Mathematical models can be used to evaluate the impact of atmospheric phase scintillation 31. Using an elevated
layer model for the phase scintillation and assuming an atmospheric turbulence strength of 10−14 m2/3, the standard deviation of the phase
difference uncertainty between the signal paths from two widely separated ground stations amounts to a maximum of a thousandth of a radian, if
the delay between channel estimation and phase pre-compensation does not exceed 10 ms. As will be seen later, such an instability is insignificant
when compared to the standard deviation of the residual phase noise due to imperfect synchronization. Nevertheless, guaranteeing a time delay
of 10 ms between channel observation and phase compensation is a challenging task. To avoid using a full feedback loop (which would require a
time delay of about 300 ms), the downlink estimation technique has been investigated as a solution to reduce the observation time delay 32. This
technique consists on continuously transmitting a separate signal from the satellite to the ground to estimate the atmospheric perturbation.

Analogously to the analysis of timing alignment, without synchronization, the local oscillators of the ground stations in Fig. 1 would be free-
running. Therefore, a frequency reference is introduced to synchronize the oscillators. However, considering that the reference is connected
over long distance fiber links to the ground stations, phase noise is accumulated during the distribution. To cancel it out, the active phase noise
compensation technique, shortly discussed in the Introduction, is implemented. Nevertheless, a residual phase mismatch will always be present
between the ground stations and the reference source. In Fig. 1, the residual phase noise added during distribution from the reference to the ground
stations is presented through the phase shifts ξ1(τ), ξ2(τ), ... and ξN (τ). As a consequence, the signals to be transmitted from the ground antennas
will experience slightly different phase perturbations. In Section 4, the limitation that the residual phase uncertainties bring in the performance of
a MIMO feeder link is analyzed.
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2.3 Independent time and phase synchronization

As implied by Fig. 1, time and phase synchronization are considered independent of each-other. There are different approaches to guarantee
the independence of the synchronization techniques over optical fiber. The classical solution would be to use two separate optical fibers links
and transmit the time/frequency signals independently 33,34. With the intention of saving resources, another solution would be a joint time and
frequency distribution technique 35. It consist on adding the time signal as a violation pattern over the falling edges of a square wave used as the
frequency reference. The violation does not affect the rising edges of the square wave, but only the falling ones. Therefore, the phase alignment
segment is not affected and time alignment is guaranteed. Taking this into account, time and phase synchronization are treated separately for the
rest of the paper.

3 IMPACT OF IMPERFECT TIME SYNCHRONIZATION

The residual time difference due to imperfect time distribution limits the signal bandwidth that can be supported by the MIMO system. In this
section, a mathematical model that governs the relation between the achievable bandwidth and the time misalignment is calculated. For a better
understanding of the math involved, the reader is advised to refer to an earlier work on which this paper is based on, Mollaymeri et al. (2022) 36. The
impulse response of the NxN MIMO channel, considering the time mismatches due to imperfect time distribution between the ground stations
and the time reference, is modeled as follows:

H(t; τ) =

N∑
i=1

H̃0,i(τ) · δ {t− εi(τ)} (1)

where, i = 1, 2, ..., N , f is the operating frequency and H̃0,i(τ) is the channel matrix with all the channel coefficients being equal to 0 except in
the i-th column. On the other hand, the transfer function is equal to:

T(f ; τ) =
N∑
i=1

Eεi(τ)

{
H̃0,i(τ) · e−j2πfεi(τ)

}
(2)

With the assumption that the εi(τ) elements are identically distributed Gaussian random variables with zero mean and standard deviation σε,
the transfer function can be represented in terms of a single variable, namely ε(τ):

T(f ; τ) = H̃(τ) · Eε(τ)

{
e−j2πfε(τ)

}
= H̃(τ) · e−2π2f2σ2

ε (3)
where, f is the operating frequency and H̃(τ) is the channel matrix with the channel coefficients. As mentioned beforehand, the goal is to better
understand the effect of ε(τ) on the supported MIMO channel bandwidth (B). First, we can derive the 3-dB cut-off frequency (f3dB ) using the
expression below:

|T(f3dB ; τ)|2 =
1

2
· |T(0; τ)|2 =

1

2
·
∣∣∣H̃(τ)

∣∣∣2 (4)
The outcome of solving (4) demonstrates that the bandwidth is equal to:

B = 2 · f3dB = 2 ·
√
ln(2)

2πσε
≈

0.265

σε
(5)

In Fig. 2, the relation of the achievable bandwidth to the standard deviation of ε(τ) is shown in logarithmic scale. Evidently, the bandwidth
increases when σε becomes smaller. For a better understanding, some examples for the standard deviation and the corresponding bandwidth are
given in Table 1. The feeder links of HTS systems need to support multiple carriers simultaneously. Operation in the Q/V band offers a total uplink
bandwidth of 5 GHz with carriers which can reach up to 1 GHz each 37. A bandwidth of 500 MHz or 1 GHz would, for example, necessitate a
standard deviation for ε(τ) not exceeding 530 ps or 265 ps respectively. Based on the uncertainty figures of conventional methods such as GPS (10
ns to 20 ns), it is necessary to utilize better performing time distribution techniques that support the demands of MIMO feeder links. The ability of
the time distribution via optical fiber approach to guarantee the desired stability has been verified in an experimental setup presented in Section 5.

4 IMPACT OF IMPERFECT PHASE SYNCHRONIZATION

To achieve optimum operation, one needs to continuously estimate the channel coefficients of the MIMO feeder link and adapt the precoding
matrix accordingly 10. However, the estimation accuracy is immensely disturbed by the phase mismatches between the ground antennas. In this
section, a mathematical model that relates the limitation of the channel estimation performance to the residual phase uncertainties is introduced.
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Figure 2 The achievable signal bandwidth in a NxN MIMO feeder link under the presence of time misalignment.

Table 1 Achievable bandwidth given the time misalignment standard deviation.

Standard Deviation σε (ns) Bandwidth B (GHz)

0.265 1
0.53 0.5
10 0.0265
20 0.0133

In Fig. 1, ϕn(τ) represents the phase shift for the n-th ground antenna. For ease of explanation, we assume that the reference block is placed at
GW1 and is connected over the fiber to the other gateways, which means that ξ1(τ) is equal to 0. Considering that the local oscillators are assumed
to have a very low phase noise such that the perturbation from the oscillators can be neglected, after achieving synchronization, the following
holds: ϕj(τ) = ϕ1(τ)+ ξj(τ), where j = 2, .., N . The ξj(τ) elements are assumed to be independent and identically distributed Gaussian random
variables with zero mean and standard deviation σξj . In the model considered, the precoder coefficients are computed from an estimation of the
MIMO channel and not the exact one 10. The imperfect channel state information (CSI) for theNxN MIMO feeder link can be represented in terms
of the elements ξj(τ) as follows:

H̃(τ) = Ĥ(τ) ·


ejϕ1(τ) 0 · 0

0 ejϕ2(τ) · 0

· · · ·
0 0 · ejϕN (τ)

 = ejϕ1(τ) · Ĥ(τ) ·


1 0 · 0

0 ejξ2(τ) · 0

· · · ·
0 0 · ejξN (τ)

 (6)

where, Ĥ(τ) is the estimate of the effective channel. Since the phase component ejϕ1(τ) on the right hand side of (6) is applied to all the channel
coefficients of Ĥ(τ), only the variables ξj(τ) affect the CSI quality. The probability distribution function of ξj(τ) is given as:

fξj {ξj(τ)} =
1√

2πσ2
ξj

· e
−

ξ2j (τ)

2σ2
ξj (7)

The CINR is considered to asses the effect of the phase noise uncertainties on the performance of an NxN MIMO feeder link. If optimum
distance between the ground stations and no rain attenuation are assumed, the CINR values of the data streams from the ground antennas to the
satellite in Fig. 1 would be equal. The CINR for the first data stream is calculated as:

ρ1(τ) =

∣∣∣H̃(τ)bĤ,1(τ)
∣∣∣2∑N

j=2

{∣∣∣H̃(τ)bĤ,j(τ)
∣∣∣2}+ 2σ2

η

(8)

where, bĤ,i(τ) is the precoding vector for the i-th user (i = 1, 2...N ) and ση is the standard deviation of the noise added to the data stream
modeled as Gaussian distribution.
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Figure 3 CINR (left) and capacity (right) as a function of the standard deviation of the phase instability (σξ ) for a 2x2 MIMO feeder link.

To better understand the effect that the phase uncertainty has on the achievable CINR we look at an example scenario for a 2x2 MIMO feeder
link. In such a case, only ξ2(τ) affects the CSI according to (6). We then analyze the risk of a link outage due to a large value of ξ2(τ). The CINR is
calculated for the value ξ0.12 , exceeded by only 0.1 % of the realizations of ξ2(τ). Based on (7), it can be shown that:

ξ0.12 = σξ2 ·Q−1

(
0.1

200

)
(9)

where, Q(.) stands for the Q-function. The calculation of the minimum CINR value guaranteed for 99.9 % of the realizations (referred to as just
CINR for the remaining of the paper) comes as an extension of previous works on MIMO feeder links 10.

The resulting CINR values for the 2x2 MIMO feeder link are illustrated in Fig. 3 (left) for standard deviation values varying from 0 to 0.3 radians.
According to the results, there would be a considerable performance drop for even a small amount of phase uncertainty present. If, for example,
there is a constraint that the CINR performance should not drop by more than 1 dB, the phase instability standard deviation should be below 0.008
radians. Therefore, it is important to keep the residual phase noise due to imperfect phase synchronization of the ground stations to a minimum.

The counterpart scenario of the MIMO setup is the benchmark single-input single-output (SISO) application. Phase synchronization between
the ground stations of a SISO system is unnecessary because its links are independent. Therefore, the question rises whether there is an advantage
using MIMO feeder links considering the effect of phase instability between the ground stations. Moreover, if such an advantage exists, at what
level should the phase instability be kept so that better performance than SISO is guaranteed? To answer this question, the capacity of the MIMO
feeder link was calculated, based on the CINR values for different phase instability standard deviation. The results are plotted in Fig. 3 (right)
together with the capacity of the ideal MIMO (without phase instability) and SISO scenarios. In a SISO feeder link system there are M antenna
sites separated by hundreds of kilometers providingM spatially separated links. In the case of a 2x2 MIMO feeder link system, each antenna site
consists of 2 antennas up to 50 kilometers apart, doubling the capacity of each feeder link if the satellite is equipped with two spatially separated
antennas. As a result, M/2 antenna sites separated by hundreds of kilometers are, in theory, able to provide the same feeder link capacity as a
SISO feeder link systemwithM antenna sites 10. However, the presence of phase uncertainty due to the imperfect phase synchronization between
ground stations in a MIMO feeder link, does not allow to guarantee this advantage fully. To assure a better performance, it is important that
the capacity of MIMO feeder links remains sufficiently higher than for SISO feeder links. According to Fig. 3 (right), this is the case if the phase
uncertainty remains below 0.05 radians, where it can be guaranteed that the MIMO capacity is at least 1.3 times larger than for SISO.

In section 5.2, a phase synchronization technique based on active phase noise compensation is introduced. The uncertainty numbers from this
approach are applied to formula (8) and the results are analyzed.

5 PRACTICAL VERIFICATION OF SYNCHRONIZATION SOLUTIONS

In this section, the distribution of time and phase via optical fiber is discussed. Experimental trials were carried to test time synchronization over
a few tens of kilometres. On the other hand, an approach for very stable frequency distribution over fiber in antenna arrays is introduced.
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Figure 4 Architecture of the White Rabbit experiment for time distribution.

5.1 White Rabbit standard for time distribution

A commercial off-the-shelf solution was chosen to test the time distribution over optical fiber. The White Rabbit standard has been developed
by the European Organization for Nuclear Research (CERN) to provide time synchronization in distributed systems. It has since been used for
different applications, including the synchronization of antenna arrays 38. The designers of the White Rabbit standard suggest that the solution
is able to support picoseconds precision of synchronization 39. Moreover, previous works have shown that it can cover distances of hundreds of
kilometers 40,41. In a practical scenario, for example, the ground stations for a 2x2 MIMO feeder link are placed between 30 km to 50 km apart.
Therefore, based on the properties mentioned above, the White Rabbit devices are a suitable candidate to support the bandwidth requirements
discussed in Section 3.

5.1.1 Experimental setup

A simplified schematic representation of the architecture of the experiment for testing the time synchronization between two White Rabbit
devices separated by a few kilometers is illustrated in Fig. 4. One of the White Rabbit devices, namely WR-ZEN TP-FL, acts as the master and the
other one, WR-LEN, acts as a slave. This means that once connected over the fiber, the WR-LEN will have its time synchronized to the master. In
the context of the MIMO feeder link shown in Fig. 4, the White Rabbit master device would act as the time reference block and a White Rabbit
slave device would be placed at each ground station. The setup was tested by connecting the White Rabbit devices with a 14298 m long fiber
(referred to as 14 km for the remaining of the paper) and then with a 27406 m fiber (referred to as 27 km for the remaining of the paper). The
White Rabbit devices are connected to the fiber using bi-directional small form-factor pluggable transceivers (SFP) with different wavelengths for
transmission and reception, namely 1310 nm for the transmission from the master to the slave and 1490 nm for the other way around. The single
bi-directional fiber connection is the recommended configuration by CERN to achieve the smallest possible delay asymmetry 41,40.

We are interested in studying the time misalignment between the White Rabbit devices. To do this, we calculated their pulse-per-second (PPS)
offset. The PPS signals are one of the outputs one can get from such devices. The signal has a short pulse that accurately repeats once per second.
Using an oscilloscope, we were able to capture the rising edges of the corresponding PPS pulses. We used the oscilloscope RTO 1044 from Rohde
& Schwarz for our experiment, setting its vertical resolution and sampling rate to the maximum, 16-bit and 20 GSa/s respectively. Afterwards,
MATLAB was used to acquire the rising edges from the oscilloscope and to calculate the time difference between their 50 % levels. The reader is
advised to refer to Mollaymeri et al. (2022) 36 for a better understanding of the procedure for calculating the PPS offset.

5.1.2 PPS-offset values from the experiment

The PPS offset was calculated every second for 3 hours. Eventually, we acquired 10800 PPS offset values from the setup with the 14 km fiber
and the 27 km one. Finding which distribution fits the PPS offset between the two White Rabbit devices would help in calculating the variance
and, as a result, the achievable bandwidth for each system, based on the model of Section 3. To achieve this, we calculated the histograms of the
two batches of PPS offset values and tried to fit Gaussian distributions to them. In the technique we implemented for the fitting, the estimated
value of the standard deviation is calculated as the square root of the unbiased estimate of the variance, using maximum likelihood estimation. The
histograms for the 14 km and 27 km fiber connections and their fitted Gaussian distributions (colored in red) are illustrated in Fig. 5 respectively.

Due to limitations from the measuring equipment and the MATLAB acquisition procedure, we were met with the known long tails problem
for the histogram of the 14 km fiber setup. To capture the rising edges of the PPS pulse, we had to limit the acquisition time to 1 ns. Using the
maximum sampling rate supported by the oscilloscope (20 GSa/s), we were able to acquire 2000 samples (involving an interpolation of factor 100).
This allowed for a time resolution of 0.5 ps. However, the oscilloscope is able to zoom in down to only 10 mV for the amplitude. Considering the
vertical resolution of 16-bit that the device supports, the amplitude was divided into bins of 152.6 nV. Therefore, there was a noticeable difference
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Figure 5 Histogram and the fitted Gaussian distribution of the PPS offset for the scenario with the 14 km fiber (left) and the 27 km fiber (right).

between the granularity supported for the amplitude and the one for the time. As a consequence, several PPS values, corresponding to different
sampling time instances, were rounded within one amplitude bin. This affected the procedure for finding the 50 % level of the PPS rising edges.
To find these levels, we had to take a time average between the samples of the corresponding amplitude bin. In the case of the 14 km fiber setup,
the PPS values were too small and this problem was highly pronounced. Measuring the PPS offset values lead in a longer tail for the upper part of
the histogram. To deal with it, a section of the long tail was removed when fitting the normal distribution.

On the other hand, as expected, the PPS offset values for the 27 km fiber setup are higher when compared to the 14 km one, since a longer
distance needs to be covered for the time distribution. As a consequence, in this application, the long tail problem is not persistent and the histogram
is already quite similar to a Gaussian shape, as noticed in Fig. 5 (right).

The plots demonstrate that the measured PPS offsets between the twoWhite Rabbit devices have a non-zero mean. It comes as a consequence
of the residual calibration error. The error is bigger for the 27 km fiber model, since the calibration has to compensate for the longer transmission
path. Nevertheless, in a practical scenario, measuring it is a straight forward procedure and one can compensate for it by applying accordingly a
controlled delay to the paths. Therefore, a zero mean can be reasonably assumed for the timing imperfection. Hence, it is not necessary to consider
it in the calculation of the MIMO feeder link bandwidth.

5.1.3 Supported bandwidth

Based on the histograms in Fig. 5 and the overlaid Gaussian distributions, we are able to infer their distribution characteristics. The fitted
Gaussian curves have a standard deviation of 13.17 ps for the 14 km fiber scenario and 26.44 ps for the 27 km fiber scenario. Knowing the values
for the standard deviation of the PPS offset for the White Rabbit architecture explained in Section 5, we are able to calculate the corresponding
channel bandwidths, if we were to implement the White Rabbit architecture for the MIMO feeder link in Section 3. Table 2 shows the resulting
bandwidths, calculated by replacing the standard deviation values for the 14 km fiber and 27 km fiber scenarios in (5).

Table 2 Supported bandwidth for White Rabbit experiments with 14 km and 27 km fiber.

Distance (km) Bandwidth (GHz)

14 20.1
27 10

The results in Table 2 and the analysis in Section 3 prove that the optical fiber time distribution approach implemented with the White Rabbit
standard is able to support the necessary bandwidth for a single carrier in MIMO feeder links. Comparing the values of the achievable bandwidths
for the 14 km and 27 km architectures, would lead to the conclusion that distributing the time over a distance that is twice longer leads to a
reduction of the bandwidth by a factor 2. Previous works onWhite Rabbit architectures have shown that chromatic dispersion is the main stability
limiting factor 41. Results show that the effect of chromatic dispersion on the achievable stability is negligible for the considered distances, but it
would be considerable for longer distances. As such, further experiments with longer fibers are needed to better understand the relation between
the length of the fiber and the achievable bandwidth under the presence of chromatic dispersion. Nevertheless, a typical separation for ground
stations in MIMO feeder links oscillates between 30 km and 50 km, which is comparable to the lengths considered in this work. Considering that
the supported bandwidth for the 27 km fiber is at least 10 times higher than the necessary bandwidth per carrier in a MIMO feeder link (500 MHz
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Figure 6 Architecture of the active phase noise compensation technique.

to 1 GHz), the results from the White Rabbit experiment suggest that the bandwidth requirements can be comfortably supported even for a fiber
length of 50 km.

5.2 Phase synchronization in the Square Kilometre Array project

The Square Kilometre Array project is an international effort to build the world-leading radio telescope. Among others, it consists on inter-
connecting about 200 antennas separated by tens of kilometres. For an optimum operation, it is of crucial importance to align in phase the
distributed ground systems. The work of Schediwy et al. (2019) 22 proposes a phase synchronization technique, based on active compensation
of the phase noise, that aims to fulfill the stringent requirements of the Square Kilometre Array project. Our goal is to investigate the ability of
this approach to support the demands of a MIMO feeder link application. To this end, we analyze the functionality of such a technique through a
simplified representation. We encourage the reader to refer to the before-mentioned work for a detailed explanation on the tested architecture.

In Fig. 6, the simplified version of the active phase noise compensation technique via optical fiber frequency distribution is illustrated. The
intention of the setup is to transfer the reference signal r(t) over the fiber from a local site to a remote one, while dealing with the accumulated
phase noise. First, the reference signal modulates the output of a laser to generate the optical signal s(t). Thereafter, s(t) is frequency shifted
by an acousto-optic modulator (AOM) generating the signal s1(t) as an output, which is transmitted over the fiber to the remote site. During the
transmission over the fiber, s1(t) accumulates phase noise due to temperature drifts and hardware imperfections. Therefore, the received signal at
the remote site is denoted with s2(t). This optical signal is split and part of it is detected by a photo-detector (PD), which extracts the reference. The
other part of the signal is reflected back to the local site using a Faraday mirror. The signal s2(t) passes again through the fiber and, consequently,
more phase noise is accumulated. At the local site an optical circulator directs the incoming optical signal sr(t) (with the added phase noise) to
a photo-detector, which extracts the imperfect reference rr(t). The local reference r(t) is mixed with the noisy reference rr(t) and the resulting
signal is sensed by a phase noise detector (PND). The phase noise detector extracts the phase difference between the two references and generates
an error signal e(t)which controls the frequency shift applied to the optical signal s(t) by the acousto-optic modulator. As a result, a feedback loop
is generated to continuously cancel out the phase noise that is added during the transmission over the fiber.

The architecture tested by the authors of Schediwy et al. (2019) 22 mixes two 40 MHz signals at the local site. One of the signals is a down-
converted version of the actual reference, while the other one is a down-converted noisy reference which has been transmitted over a 166 km
fiber to and from the remote site. Even though the authors of this work guarantee a high performance, there will be residual phase uncertainty left.
To calculate it, they measured the phase drift in intervals of 10 minutes for a period of 15 hours. According to their findings, the standard deviation
of the residual phase instability was 14 µrad.

MIMO feeder links operate at a frequency of around 50 GHz. Therefore, the instability is expected to increase by a factor 1250 (50 GHz divided
by 40MHz) when up-converting the reference signal. As a consequence, for the scenario of interest, the standard deviation of the phase uncertainty
would increase to 0.0175 rad. As mentioned earlier, the distance for which the phase synchronization was tested for was 166 km. For such long
distances, the effect of chromatic dispersion is highly pronounced, influencing also the phase instability. Furthermore, there is a linear relation
between chromatic dispersion and the length of the fiber 41. Therefore, in the worst case scenario, it can be assumed that the standard deviation of
the phase instability reduces linearly with the fiber length. Hence, for a maximum distance of 50 km between the ground stations in aMIMO feeder
link, we can consider a factor 3.32 (166 km divided by 50 km) reduction on the standard deviation of the phase instability. As a result, the standard
deviation would be about 0.0053 rad. This value is below the limit of 0.008 rad discussed in Section 4 for a 1 dB CINR reduction. Moreover, it is
about a factor 10 lower than the limit that would guarantee a higher capacity for a MIMO link (using two ground stations) compared to a SISO link.
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6 CONCLUSIONS

In this paper, mathematical models that describe the behavior of anNxN MIMO feeder link under the presence of time and phase misalignment
due to imperfect synchronization were presented. The theoretical analysis indicates that MIMO feeder links have extensive requirements with
respect to the channel bandwidth and link outage.

Through an experimental verification, it was demonstrated that time distribution over optical fiber would support the immense bandwidth
demands ofNxN MIMO feeder links in the order of several GHz. The experiment trials indicate that, these numbers can be achieved even through
commercially available solutions of time distribution such as the White Rabbit standard. Furthermore, results from the phase synchronization
technique tested for the Square Kilometre Array support the requirements of MIMO feeder links in terms of achievable CINR values. The approach
based on phase distribution over optical fiber demonstrated the superiority of the later technique even for phase synchronization. The proposed
techniques are especially advantageous because the existing fiber infrastructure might be considered to guarantee time and phase distribution.

For the future, it is of interest to take this study in further research directions. First, considering the promising time synchronization results with
the White Rabbit setup, longer distances could be investigated. Another goal is to extend the developed testbed with the phase synchronization
approach discussed in this work. This extension will enable a complete experimental verification of a MIMO feeder link architecture. Additionally,
considering the importance of time and phase alignment in multiple-gateway systems, the relevance of the results presented in this work is not
limited to MIMO feeder links.
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