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SUMMARY

Video transmissions over satellite links are sensitive to signal fades due to rain, especially in the tropics. We performed a video
streaming experiment over a satellite link for 24 days distributed over one year to investigate the effects of rain fade. Based on the
measurements, models for the relationships between rainfall rate, power level, packet loss, and video quality are proposed.
Furthermore, for both uplink and downlink channel, an adaptive closed loop power control algorithm, with a
Proportional-Integral-Derivative (PID) controller is designed. This is used for the mitigation of the rain-induced attenuation in
order to guarantee a certain level of Quality of Service (QoS) and Quality of Experience (QoE). Simulation results show the
effectiveness of the proposed power control solution and its ability to sustain video quality levels in spite of rain fades. Copyright
© 2014 John Wiley & Sons, Ltd.
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1.INTRODUCTION

Satellite multimedia communications play a significant role in our daily life because of their ability to deliver
services to a large number of customers over a wide area, even in remote locations where there are no
terrestrial connections. There is an overwhelming trend towards the use of satellite communication services for
digital video delivery in recent years. Geostationary Earth Orbit (GEO) satellite systems have been used for
many years in long distance broadcasting [1]. For broadcasting applications, a typical example is Digital Video
Broadcasting (DVB) that implements bi-directional DVB Return Channel by Satellite (DVB-RCS) standards
[2] to deliver television services to consumers. For real time interactive communications, two or more
geographically separated local area networks can be interconnected via satellite links using the Internet
Protocol (IP), which supports various multimedia services such as video conferencing and voice over IP
(VolP) [3]. Delay-sensitive real-time multimedia applications usually adopt user datagram protocol (UDP) [4].
The real-time transport protocol (RTP) at the application layer that supports various types of codecs is
responsible for end-to-end real-time service of streaming traffic by providing timely delivery of content to the
applications [5].

The lower frequencies used for commercial satellite communications, like C-band (4-8 GHz) and Ku-band
(12-18 GHz), have become congested. Therefore, higher frequency bands, such as the Ka-band
(approximately 20-30 GHz), are attracting growing interest for both commercial and military satellite
operators. However, the disadvantage of the Ka-band is its vulnerability to signal attenuation under certain
weather conditions, in particular rain [6,7]. Rain attenuation is more severe in the tropical region where heavy
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convective rain dominates [8]. This high rain attenuation cannot be overcome simply by system margins.
Rain-induced fades can cause significant propagation loss to satellite communication systems operating at
frequencies above 10 GHz, with attenuations of over 20 dB at 100 mm/hr rainfall rate [9]. The effects of rain
on radio-wave propagation become more severe as the frequency increases. Along with the degradation of the
received radio-wave signal, the signal to noise ratio worsens, leading to a higher packet loss rate. Therefore
video services are inevitably affected by rain attenuation.

Various rain fade mitigation techniques have been proposed in order to maintain the QoS requirements for
multimedia applications. In general, there are three rain fade countermeasures for satellite broadcast systems:
time diversity, site diversity, and power control. The common advantage of these three techniques is that they
do not impose the burden of extra bandwidth allocation, in contrast with digital processing methods such as
adaptive modulation or variable symbol rate [10].

e Time diversity is the retransmission of a signal several times with an acceptable delay. The receiver
selects the best quality signal out of all accumulated received ones [11]. However, the time diversity
technique is confined to delay-insensitive services.

e Site diversity takes advantage of the fact that if the signal is heavily attenuated by a rain cell in one area,
there will be other ground stations spatially separated that are unaffected by the same rain cell and can be
used to compensate. Site diversity requires two or more stations that are spatially far enough apart to be
capable of improving overall system performance [12]. The diversity gain depends on geographical site
separation, elevation angle, and other factors. The disadvantages of this technique are the cost of setting
up additional sites and the requirement for data buffering.

e The power control approach aims at maintaining a desired received signal level by varying the power of
the transmitter. This is one of the simplest, most commonly used and most efficient rain attenuation
mitigation techniques available, and will be explored in this paper.

Several power management schemes have been proposed for wireless video service in code-division
multiple-access (CDMA) systems [14,15]. In such a system, the bit-error-rate (BER) is adjusted by controlling
the transmitter power according to the importance of each video packet. In satellite communication systems,
Dennis et al. have proposed a scaling uplink power control algorithm for satellite systems working in the
30/20-GHz band [16]. The proposed algorithm makes use of 20 GHz attenuation scaled to 30 GHz to adjust
the transmitted power at 30 GHz. The drawback of this scheme is that the dynamic range of power control is
limited to approximately 10-12 dB. Another adaptive transmission power control scheme using a multi-beam
satellite antenna is presented in [17]. In this scheme, the transmission power of the transmitter from the satellite
towards the targeted site is controlled according to the attenuation at the reference sites. This scheme is only
suitable for communication systems where the distance between sites is small; if the distance is large, this
scheme produces little performance improvement. Although there are some other solutions for satellite
transmission with power control techniques [18-19], none of them have provided insights into high quality
video transmission over satellite links.

In this paper, the effects of rain-induced attenuation on real-time video streaming via a Ka-band satellite link
are examined. The focus of our analysis is on the correlation between rainfall rate, video quality and power
level. Based on the correlation between these parameters, two numerical models are derived, relating (a) the
rainfall rate with the received power level, and (b) the rainfall rate with the IP packet loss rate. Using these
models, an effective adaptive power control technique for rain attenuation mitigation is proposed. The main
contributions of this paper can be summarized as follows.

1) The statistical relationships between rain attenuation and received signal level, packet loss rate, and
video quality are presented. These relationships are based on experimental results obtained from a

real-time video transmission via satellite link.

2) The analytical models for rainfall rate versus IP packet loss rate and rainfall rate versus received power
level are derived.

3) APID controller that uses an adaptive closed loop power control approach in both uplink and downlink
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is proposed to overcome rain attenuation for video streaming via Ka-band satellite links.

4) The effectiveness of our proposed scheme is verified using simulations.

The paper is organized as follows. Section 2 describes the configuration of the real-time video streaming
system. The detailed process of video streaming and video quality metrics are also presented. In Section 3, the
numerical results obtained experimentally are analyzed and discussed, based on which models of rain effects on
video streaming over satellite links are derived. The adaptive power control algorithm with PID controller is
presented in Section 4. Simulation results to demonstrate the effectiveness of the proposed algorithm are also
presented. Conclusions are drawn in Section 5.

2.VIDEO STREAMING SYSTEM

As shown in Figure 1, the video streaming system is composed of a video server and a video receiver, both
of which communicate via the Wideband Inter-Networking engineering test and Demonstration Satellite
(WINDS) using ultra-small aperture terminals (USAT). WINDS was launched by the Japan Aerospace
Exploration Agency (JAXA) and the National Institute of Information and Communications Technology
(NICT) in February 2008. WINDS aims to develop technologies for ultra-high data rate satellite
communications in the Ka-band [20]. The USAT with a two reflector antenna is an earth station developed for
easy deployment and installation in inaccessible areas for communication purposes. A significant characteristic
of the USAT is its ability to provide high-speed communication at a downlink rate of 155Mbps using an
ultra-small reflector antenna with a diameter of only 45cm [21]. The indoor unit (IDU) in our system provides
time division multiple access (TDMA) synchronization, data modulation and demodulation. In transmission
mode, the IDU implements code modulation for the data on the Ethernet interface from the user equipment and
passes it on to the outdoor unit (ODU) which is responsible for converting the intermediate frequency (IF)
signals to radio frequency (RF) signals and vice versa (Figure 1).
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Figure 1. Video Transmission via WINDS.

2.1. Video streaming

A loopback transmission mode is adopted in our experiment to investigate the characteristics of video
communication via satellite. The content is transmitted from our site via the uplink to WINDS and received
back at the same site via the downlink. WINDS acts as a bent pipe, receiving and then re- transmitting back to
the same site. If the transmission suffers rain fades, both the uplink and the downlink are affected. In this paper,
the measured two-way loss rate is referred to as IP packet loss rate.

For satellite transmissions, a video codec with high compression efficiency is required. We choose
H.264/MPEG-4 Advanced Video Coding (AVC) for our experiments [22]. Considering the maximum raw
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data rate of approximately 4.96 Mbps on the loopback link, the video is compressed to 3.5 Mbps to leave
sufficient room for packetization and other overheads. After encoding, the video elementary stream is
multiplexed into an MPEG2 transport stream (TS) using the tsMuxeR software [23]. The IP packets of a
streaming session with a direct PC-to-PC link are recorded using tcpdump [24] into a packet capture (PCAP)
file for consistent repeatable playback and post-processing.

In our real-time video streaming experiments, tcpreplay [24] is adopted to play back the PCAP files at the
video server over the WINDS links in a continuous loop. The client side runs tcpdump to log the network
traffic and capture the arriving video packets in PCAP format. Post-processing and analysis is then performed
on the PCAP files in order to extract various quantifiable parameters from the captured files, such as the packet
loss rate and video quality.

2.2. Video quality measurement

Losses of the satellite signal due to rain attenuation will directly affect the transmitted bit stream. The resulting
errors will be observed as packet loss at the receiver end. Thus, packet loss will be taken into consideration
throughout the following analysis. However, packet loss alone is not a reliable indicator of video quality,
because of the complexities of video signals as well as the human visual system.

For a more accurate assessment of video quality, objective and subjective approaches can be employed.
Subjective video quality evaluation is concerned with how video is perceived by a viewer and his or her opinion
of a particular video sequence [25]. The mean opinion score (MOS) is usually adopted to assess perceived
quality in subjective video evaluation. Being time-consuming and cumbersome are the main drawbacks of
subjective video quality assessment, especially when it involves hundreds of hours of continuous video
monitoring as in our experiments. Objective video quality evaluation techniques on the other hand use
mathematical models to estimate the quality of a video as perceived by the human eye. Most image processing
studies only implement basic objective quality measurements such as the peak signal to noise ratio (PSNR) and
mean squared error (MSE). However those are not only unreliable but also impractical for measuring the
quality of streaming video [26].

In this paper, we apply the hybrid V-Factor metric [27] to measure video quality. The V-Factor metric is based
on deep packet inspection of the video stream. It takes into account not only the impact of network
impairments, like jitter, delay and packet loss, but also the impact of video impairments due to the content
characteristics, the compression mechanism and bandwidth constraints. The value of VV-Factor ranges from 1
(bad) to 5 (excellent) in accordance with MOS.

3.MODELING RAIN EFFECTS ON SATELLITE LINKS

3.1. Rain data

Data was collected in video streaming experiments conducted over two days each month for an entire year.
Two common types of rain events, namely convective rain and stratiform rain, have been observed during our
experiments. Stratiform rain has a relatively low rainfall rate of less than 25 mm/hr, and generally lasts for a
longer period of time. The rainfall rates of convective rain on the other hand exceed 25 mm/hr, but these events
typically last for a short period of time.

Figure 2(a) depicts the data collected from May 20™ to 21%, 2010 as an example. A stratiform rain event with

up to 6 mm/hr of rainfall rate at around 17 hours into the experiment was recorded. This stratiform rain event
lasted for a period of over 4 hours. This rain event resulted in a power level drop of up to 5 dB and an IP packet
loss rate of up to 4%. The V-Factor occasionally drops to 1 throughout the rain event.
Figure 2(b) shows another data set collected from June 21%to 22™, 2010. An obvious convective rain event
with up to 60 mm/hr occurred at around 9 hours into the experiment, which caused signal levels to drop by
approximately 17 dB. Unlike the stratiform rain event, this convective rain event lasted for only 40 minutes and
led to nearly 100% IP packet loss and unacceptable video quality (\VV-Factor of 1) for the entire duration of the
rain event.
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Figure 2. Rainfall rate, IP packet loss and V-Factor for (a) stratiform and (b) convective rain events.

From the measurements, it can be seen that the rainfall leads to a decline in signal level and an increase in IP
packet loss rate. To quantify the impact of rain fades on both received signal level and IP packet loss rate, the
measurement results were used to model the relationships by means of least mean squares curve-fitting. Note
that all the data points used in the following figures for data fitting are derived from the data of the whole
measurement campaign.

3.2. Rainfall rate and signal level

Figure 3 shows a plot of the signal level versus the rainfall rate. From the depicted behavior, the received signal
level decreases exponentially with the increase of rainfall rate, which can be modeled with the following
function:

P =16.57 e %" 33,57 (1)

where r represents the rainfall rate, and P is the received signal level. The signal level initially drops fast until
its deterioration saturates after the rainfall rate reaches 24 mm/hr.

18 *  Measured| |
— Model

Received signal level (dBm)

0 20 40 60 80
Rainfall rate (mm/hr)

Figure 3. Signal level vs. rainfall rate (measured data and model).

The prediction model defined in ITU-R P.618 have been developed to calculate rain attenuation [28]. This
model can estimate long-term statistics of the slant-path rain attenuation at a given location for frequencies up
to 55 GHz. Therefore, a comparison between the proposed model and the ITU-R model will be performed
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here.

The ground station USAT is located at Singapore (1.34°N, 103.68°) with an elevation angle of 45°. The
specific attenuation yz can be obtained using the frequency-dependent coefficients given in Recommendation
ITU-R P.838 [29] and the rainfall rate exceeded 0.01% of time, Ry ::

VR = k(Rom )a [dB /km] (2)

The effective slant path length L. is calculated using the elevation angle, latitude, and rain height (refer to
[28] for details). The attenuation exceeding 0.01% of the year Ao, is calculated as follows.

Ao = 7rLe[dB] 3)

Finally, the estimated attenuation to be exceeded for other percentages p of an average year, in the range

0.001% to 5%, can be derived from Ago; as follows:
0.655+0.033In( p)-0.045In( Ay g )~ B(1-p)sin )

W) (@)

where ¢ is the elevation angle (in degrees), and =0 when p>1% in our case.

Since the ITU-R model is a widely accepted rain attenuation prediction model, a comparison between the
ITU-R model and our proposed model (1) is made. Figure 4 depicts the cumulative distribution functions
(CDFs) of rain attenuation based on both models in comparison with our measurements. It can be observed
that the predicted rain attenuation is within close range for both models and is consistent with the measured
attenuation. Besides, the general attenuation trends for both models are similar and resemble the real situation.
In conclusion, the comparison indicates that the proposed model fits the measured data well and is also
consistent with the ITU-R model. The proposed model is not complex, as it consists of a simplified exponential
function, whereas the ITU-R model involves solving a series of complex equations. Therefore, our model has
the advantage of wide prediction range and simplicity.

25
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Figure 4. CDF comparison of predicted and measured rain attenuation.

3.3. Rainfall rate and IP packet loss

Next, the relationship between rainfall rate and IP packet loss is derived from the measured data. The
relationship between the rainfall rate r and the IP packet loss L can be modeled as follows (Figure 5):

L= 49.83+ tanh| F=25:" | | 48 7961 5)
16.981
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Figure 5. IP packet loss as a function of rainfall rate (measured data and model).
Furthermore, the mathematical relationship between the received power level and IP packet loss rate can be

derived from (1) and (5).
First of all, the rainfall rate can be expressed in terms of the received power level P:

o P+3357
f__ 1657 (6)
-0.04363
given the mathematical property of
eX _e—X
tanh = 7
an et +e™* ()
we can obtain the direct correlation between received power level and IP packet loss:
—269%
L =49 00PN~ L 40y @)

205529+ (P+3357)2*° 11

The measured data and the modeled relationship in (8) between the received power level and the IP packet
loss is depicted in Figure 6. As shown, the proposed model closely fits the measurements. The IP packet loss
rate increases with declining received signal level.

Table 1 shows the numerical quality of the model fits in terms of root mean squared error (RMSE) of the
residuals and R-squared. The RMSE measures the difference between predicted value and actual value. The
R-squared indicates the quality of fit of the model, where a value of 1 indicates perfect agreement between
predicted and observed values.
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Figure 6. IP packet loss rate as a function of received signal level (measured data and model).

Table I. Evaluation of model fitting.

Evaluation Received IP packet IP packet
metric power versus loss versus loss versus
rainfall rate rainfall rate received
(Eq.1) (Eq.5) power (Eq.8)
RMSE 0.51 dBm 0.90 % 1.22 %
R-squared 0.9908 0.9995 0.9990

The RMSE or our proposed fitted models is low and R-square values are very close to one, therefore all
three models provide excellent fits to the measured data.

In order to verify these results, CDFs of the received power and IP packet loss rate over one-year
experimental days are calculated by applying the fitting models to the full one year rainfall data. Comparisons
between the model predictions and the measured data are shown in Figure 7 and Figure 8. In general, there is
a very good agreement between the two. The major advantage of the demonstrated correlation is that, based
on a given rainfall rate, predictions of the received signal level and IP packet loss rate can be obtained. This
allows us to implement an effective power control scheme using the proposed models.
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Figure 7. CDF comparison of predicted and measured received signal level.
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Figure 8. CDF comparison of predicted and measured IP packet loss rate.

Since there is a close relationship between IP packet loss rate and video quality, we need to determine the
maximum acceptable IP packet loss rate that will produce a video quality that is still acceptable to viewers. In
order to better demonstrate the relationship between IP packet loss rate and V-Factor, we have compiled all
the experimental data together. The V-Factor is shown as a function of IP packet loss rate in Figure 9.
V-Factor exhibits a sharp step function, which shows that a V-Factor of 3 or above (indicating acceptable or
better video quality) can be achieved when the IP packet loss is below 1%. The V-Factor drops below 1.5
(indicating unacceptable video quality) when the IP packet loss goes above 1%. Consequently, 1% IP packet
loss rate has to be maintained to guarantee acceptable video quality. For the purpose of our experiments, the IP
packet loss rate is therefore the major parameter that will be analyzed for our proposed power control scheme.
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Figure 9. Relationship between the IP packet loss rate and V-Factor.

4.POWER CONTROL ALGORITHM

As shown in the previous section, video quality is largely dependent on IP packet loss, which in turn is
determined by received signal strength. Therefore, in order to guarantee an acceptable video quality under
different rainfall rate conditions, the transmit power has to be adjusted to compensate for losses. Conventional
schemes like uplink power control or downlink power control are based on adjusting either the earth station
transmitting power or satellite transponder gain. Those methods working alone suffer from latency caused by
long round trip delay. Furthermore, the required compensation power or gain becomes a serious burden when
either the satellite transponder or earth station is working alone under power control, which may easily push
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them to their power limits.

In this paper, we have combined uplink and downlink power control schemes to propose an adaptive closed
loop power control algorithm with Proportional-Integral-Derivative (PID) controller. PID controllers have
been widely adopted in systems with feedback to efficiently achieve stabilized state [30-31]. As weather
conditions are always changing, a closed loop feedback power control system is needed to achieve the
aforementioned compensation of the transmitting power. The benefit of a closed-loop power control approach
is that it is able to adjust the transmission power adaptively according to current weather conditions in real
time. In addition, a PI1D controller can help smoothen the feedback process, especially under drastic changes in
rainfall rates. The proposed adaptive power control mechanism is designed to adjust both the satellite and earth
station transmitting power in accordance to the commands generated by comparing the target and measured
received signal level. Due to the contributions from both satellite and earth station, the loop is expected to react
more quickly to the adjusting commands, which reduces the system stabilization time. Moreover, both satellite
transponder and earth station share the responsibility to supply the required power compensation. Therefore,
problems due to power limitation will be alleviated as well.

4.1. Simulation model

To verify the effectiveness of the proposed adaptive power control scheme, simulations are carried out using
MATLAB Simulink. Figure 10 shows the simulation model in the form of a block diagram for the proposed
scheme. There are five main model components in the simulation system: Earth Station, Uplink Channel,
Satellite Transponder, Down-Link Channel and Rain Event.

Res (t) & Cs(t) Trs (1)
Satellite Transponder

A

A

Up—Link Q Rain Event I Down-Link

Channel Channel
= Base Station =

T (1) & Co(t) Rey (t)

Tw (t): Base Station Transmitting Power
Ce(t): Command for Satellite

R.s(t): Satellite Received Power
T.s(t): Satellite Transmitting Power

R (t): Base Station Received Power

Figure 10. Block diagram of the proposed adaptive power control system.

The Earth Station receives the signal from the satellite. After proper calculation, it generates an adjusted
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transmit signal and power control command to the satellite. This calculation process is performed in the major
compensation controller inside the Earth Station. It takes a target received signal power as a reference level
and computes the current difference between the actual received signal power level and the reference level.
This difference is considered as the instantaneous compensation power. However, directly injecting this
difference as compensation power into the power control system can easily cause the system to become
unstable. Therefore, a properly designed PID controller is added. The output of the PID controller is then
taken as the total required compensation power. With proper weights, the total required compensation power
is split into two parts; one to control the Earth Station transmitting power; and the other to control the Satellite
Transponder gain. The command for the Earth Station is carried out instantly, and the adjusted transmitting
power is generated, while the command for Satellite is then coded and sent to the Satellite via the transmission
channel.

According to the power control command, the Satellite transponder tunes its gain to amplify the received
attenuated signal to be sent back to the Earth Station.

The Rain Generator block generates different real-time rainfall rates to the up/down link channels to simulate
rain effects on the satellite links.

100
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Figure 11. Simulation of the system without power control in a rain event.

The Up-Link and Down-Link Channels are properly modeled to include the propagation loss and rain
attenuation loss. The round trip delay is split equally between the Up-link Channel block and the Down-Link
Channel block, so that each of them has 125 ms delay. In order to improve the accuracy of the model, the
channel model block is designed to have a 1ms resolution. This setting accounts for two facts. Firstly, due to
the round trip delay, the receiving signal power still suffers from the rain attenuation within a short period after
the rain event stops; secondly, when the rain starts, the signals along the transmission path experience different
levels of rain attenuation: the closer the signal is to the receiving block, the less rain attenuation it will suffer.

A simulation of a simple case with a pulse rain event without compensation is shown in Figure 11. As can be
clearly seen, after the end of the rain event at 6000 ms, the received signal power level gradually recovers to its
normal level without abruptly changing state. This result resembles the real situation more closely.

4.2. PID controller parameters

Due to time delays in the loop, the outdated feedback information can result in a dynamic behaviour, which
may lead to oscillations at the response side. A properly tuned PID controller should reach stability in the
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shortest settling time. In [32,33], PID controllers are studied in a closed-loop control system with propagation
delay. A generalized representation of the PID controller can be written as:
C(t)=K, =e(t)+ Ki'[;e(t)dtjthde—(t) 9)

where e(t) represents the error signals, and K,, K; and Kq are proportional gain, integral gain, and derivative
gain, respectively. The proportional term of the PID controller is responsible for the output that is proportional
to the current error. The proportional gain cannot be too high, otherwise the system will become unstable. At
the same time, the proportional gain cannot be too low, or the control action will become too small when
responding to a disturbance. The typical function of the integral action is to eliminate offsets of the steady state
and to guarantee that the output agrees with the target value in a steady state. The derivative term is a
prediction of future errors, based on the current rate of change. The derivative term is highly sensitive to noise
in the error term and may cause the PID controller to go into an unsteady state if the noise and Ky are
sufficiently large.

In our system, the receiving power level is sampled at discrete time intervals with a sampling period of T. The
PID controller in equation (9) is thus modified as:

k 10
C(KT) =K, e(KT)+ KT Y e(kT)+K, e(kT) ‘eT[(k 4T (0
n=0

A heuristic method proposed by Ziegler and Nichols is adopted to tune the PID parameters to achieve the
desired performance for the whole power control system [34]. The step response of the whole system with rain
event as its input is investigated. Note that the rain event is assumed as a square pulse which has a step rising
edge and a step falling edge. The purpose is to fully evaluate the system with a more realistic rain environment.
The sampling time T is set to 1 ms for the PID controller tuning process.

According to Ziegler and Nichols’ method, initial values of the parameters are set to Ki=Ky=0 and K, is
continuously increased to observe the system response. The responses are shown in Figure 12. It can be shown
that merely increasing K, will ultimately cause the whole system to oscillate. It is also observed that the
oscillation period remains the same when further increasing the proportional gain higher than 1. Thus the
ultimate gain of the PID controller would be K,=1. The oscillation periods are the same (500 ms) for all values
of K,.

The next step of the PID controller parameters tuning will be the integral gain K; and differential gain Kq. As
a common practice, the differential gain can be set to zero to reduce the chance of potential instability. Thus the
response of the base station receiving power is reported in Figure 13 with different K;settings. Also in line with
the prediction of Ziegler and Nichols’ method, Figure 13 indicates that higher integral gain K; can improve the
settle time of the closed loop system. However, continuously increasing K; cannot completely eliminate the
settle time. This is because of the intrinsic round trip delay associated with the satellite communication system.
The delay postpones the system’s reaction to any adaptation command. In fact, even with a perfectly tuned
PID controller, the minimum settle time for the whole power control system should be no shorter than the
round trip delay.
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Figure 12. PID parameter tuning: different K, with Ki=Kg=0.

-
o
o

Rainfall Rate
(mm/hr)
[¢)]
o o

_
o

00 2000 3000 4000 5000 6000 7000

k=001 \/

1000 2000 3000 4000 5000 6000 7000

| K=0.1 \/

1000 2000 3000 4000 5000 6000 7000

k=1 \

1000 2000 3000 4000 5000 6000 7000

k=2 \

-40 L L 1 1 L
1000 2000 3000 4000 5000 6000 7000
Time (ms)

o

P

R(®
(dBm)
S

h

Rip®
(dBm)
8

h

Rip®
(dBm)
8

a

Rrb(t)
(dBm)
8

Figure 13. PID parameter tuning: different K; with K,=1 and K4=0.

According to the simulation results, the proportional gain K, can be set to a value higher than 1. An intuitive
effect of a large K, is that the calculated compensation power should be very high. However, in the proposed
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control system, the maximum applicable compensation power is set to 8 dBm for both the base station and the
satellite transponder. Furthermore, the compensation power level is considered as non-negative. This means
the proportional gain K, of the PID controller can be set as high as desired, because the actual compensated
power is at most 16 dBm in total, and a high K, benefits the performance with a more rapid adjustment for the
whole system. As a result, we choose K,=1, Ki=1 and K4=0 for our control system.

As mentioned previously, the sampling time was chosen as 1 ms for the PID controller tuning. Due to the
delay of the satellite system, the sampling time can be made longer. A comparison is shown in Figure 14 for
K,=1 and Ki=K;=0. As can been seen, the oscillation amplitude and period are the same for the two cases. This
indicates that a sampling time of 125 ms has no negative impact on the system compared to a sampling time of
1 ms. As a result, the final sampling time is chosen as 125 ms to alleviate the computational cost for the base
station.
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Figure 14. Comparison between different sampling times T=125 ms and T=1 ms with K,=1, Ki=Ky=0.

In the scenario of multi base stations sharing a common satellite transponder, the power control can be
performed at the spot beam level [35]. In addition, duplex techniques such as time division multiple access can
also be used to allocate the satellite transponder for multi base stations. The sampling time T will be
correspondingly larger.

4.3. Evaluation and results

In order to further evaluate the proposed scheme, the comparison of the system responses with and without
power control implementation is presented in Figure 15. The rainfall rate is designed to increase gradually from
0 to 96 mm/hr which is the largest rainfall rate observed in our experiment records. The probability of rainfall
rate exceeding 96 mm/hr is approximately 0.01% in one year, so 96 mm/hr effectively represents very heavy
convective rain. The normal received signal level declines due to the rain attenuation. It is also demonstrated
that the received signal level reduces as the rainfall rate continues to increase. Accordingly, the IP packet loss
rate simultaneously goes up as a reaction to the decrease in received signal level. On the other hand, the
received signal level with PID power control as a countermeasure shows that these effects can be well
compensated, regardless of rainfall rate variations. The IP packet loss rate can be reduced to near zero,
ensuring high video quality. The comparison demonstrates that the proposed PID power control technigque can
effectively improve the quality of the video transmission under rain attenuation.
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Figure 15. Comparisons of received signal level and IP packet loss responding to rainfall rate fluctuations with
and without power control.

In addition, the performance of the proposed approach has been assessed using the full one year rainfall rate
data collected with the weather station in 2010. In order to alleviate the non-linearity issue, the maximum total
compensating power that the Earth Station and the Satellite transponder can provide together is assumed to be
10 dB. Figure 16 shows the CDF of IP packet loss rates for one year with and without the proposed power
control. It can be observed that the link reliability has been significantly enhanced. The probability of IP packet
loss rates below 1% is increased from 98.97% to 99.65% with the implementation of the power control
technique. Over the duration of a whole year, this means the total amount of time with higher than 1% IP
packet loss rate is reduced from 90.23 hours to 30.66 hours, i.e. the proposed power control scheme reduces
the amount of video communication with unacceptable quality by a factor of 3. Therefore, it can be concluded
that our power control scheme significantly improves the overall performance of the satellite link.
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Figure 16. The CDF of IP packet loss rate of 2010 one-year rainfall data with and without power control.
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4.4. Bitrate Adaptation

According to the previous simulation and analysis, a total compensation power of 16 dBm is needed in the
case of maximum rain (96 mm/hr). This amount of extra power may not be affordable by the base station or
satellite transponder. However, this problem can be alleviated by adapting the transmission data rate. The
Shannon-Hartley theorem states that a noisy communication channel has a maximum capacity limit [36] and
can be expressed as follows:

S (11)
R=Blog,(1+——
9,(1+ N B)

It indicates that, given a fixed bandwidth B and noise density N,, a higher transmission power S is needed for
a higher bitrate R data stream. This property makes it possible to trade off bandwidth efficiency for power
level. In our case, it means that the compensation for the uplink and downlink power gain need not be too high
when heavy rain occurs, because lowering the bit rate of the video transmission can improve the energy per bit
to noise power density ratio (E, / N,) and thus enhance the bit error rate performance. An example based on

the techniques with code and bitrate adaptation has been demonstrated in [37].

5.CONCLUSION

Video streaming over satellite links can be subject to severe signal degradations due to rain attenuation. A
number of experiments of video streaming via satellite links have been conducted to investigate the
relationships between four major factors: rainfall rate, received power level, IP packet loss, and video quality.
Statistical analysis has been performed to extract these relationships. Three models for power level versus
rainfall rate, IP packet loss versus rainfall rate and IP packet loss versus power level have been proposed and
verified. Based on these relationships, a closed-loop adaptive power control scheme has been proposed as a
countermeasure to overcome the degradation of video quality caused by rain fades. A PID controller was used
to mitigate the settling time of the received signal strength towards the desired level. Simulation results have
shown the effectiveness of the proposed power control scheme and its ability to maintain good video quality in
spite of rain fades. The proposed power control scheme is able to improve the reliability of the satellite link by
approximately 3 times based on the data for the year 2010.
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