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Abstract

Recently, data size of high definition video and other digital data have been
growing larger. Along with that, more and more channel capacity of satellite
communication has been required. To enlarge channel capacity of satellite com-
munication, there are two major ways. The first method is to apply multi-level
modulation, which transmits more information per sample than conventional
modulation scheme. The second method is to use frequency band efficiently
by superposing two or more signals in one channel. Both methods can be applied
without any hardware modification of satellite transponder and are able to be
applied on current satellite systems.

In most conventional high power satellite transponder, TWTA (Travelling
Wave Tube Amplifier) has been used as HPA (High Power Amplifier) and due to
its nonlinear characteristics, TWTA is been operated with large input backoff to
avoid nonlinear distortion of the output signal. However, high CNR (Carrier to
Noise Ratio) condition is necessary for multi-level modulation to be used because
the signals are tightly aligned on the constellation. Therefore, low backoff for
satellite transponder is preferable when applying multi-level modulation.

Conventional satellite systems with superposed signal must also be operated
with large backoff because of inter-carrier interference caused by the amplifier’s
nonlinearity. In both cases, power efficiency of satellite amplifier will decrease
because of the large backoff. To utilize the power efficiency of satellite amplifier

to the full, nonlinear characteristics of satellite amplifier must be dealt with.

*Doctoral Dissertation, Department of Information Systems, Graduate School of Information
Science, Nara Institute of Science and Technology, NAIST-IS-DD1161003, February 7, 2013.



In this dissertation, a novel nonlinearity compensation scheme to suppress
the nonlinear interference and to use satellite transponder’s power effectively for
more channel capacity is proposed. Here, a nonlinearity compensation scheme for
the receiver side is considered because of the implementation cost and effect to
the network system. The nonlinearity compensation proposed in this dissertation
is processed by applying reverse nonlinear characteristics of satellite amplifier to
received signal. Then in this dissertation, the nonlinearity compensator is im-
plemented to the receiver of two typical satellite networks, multi-level modulated
network and carrier superposed network, for performance evaluation. As a result,
it is confirmed that the proposed scheme has reduced the degradation caused by
the amplifier’s nonlinearity in both networks.

However, this nonlinearity compensation scheme simply applies reverse non-
linear characteristics of the amplifier and has probability of emphasizing noise
component at low backoff condition. To avoid noise emphasis, an enhanced non-
linearity compensation scheme for multi-level modulation, where the amount of
compensation is decided from which amplitude range the received signal is in-
cluded in, is proposed. Also the performance of enhanced compensation scheme
is shown in this dissertation. From the simulation result, it is shown that this
scheme for multi-level modulation could improve the transmission performance
more under low input backoff condition, compared to the originally proposed

scheme.

Keywords:

Satellite communications, carrier superposing, multi-level modulation, TWTA,

nonlinearity compensation

il



Contents

1. Introduction

1.1 Background . . . .. ... Lo
1.2 Objective . . . . . . .
1.3 Outline. . . . .. ...

. Satellite Communication

2.1 Introduction . . . . . . . ...
2.2 Configurations of Satellite Network . . . . . . ... .. ... ...
2.2.1 Multiple Access . . . . . ..o
2.2.2 Modulation . . .. ..o
2.2.3  Other Network Configurations . . . . . . . . ... ... ..
2.3 Problems of Current Satellite Communication . . . . . . .. ...
2.3.1 Frequency usage. . . . . . ...
2.3.2  Transmission Power . . . . . . . ... ... ... ...
2.4 Conclusion . . . . . ...

. Nonlinearity and Linearization Technique

3.1 Introduction . . . . . . . . ... .
3.2 Nonlinear Amplifier . . . . . . . .. ... ...
321 TWTA . . . .
3.22 SSPA . . .
3.3 Nonlinearity Model . . . . . .. .. ... ..o
3.3.1 Polynomial Model . . . . . .. ... ... ... ... ...
3.3.2 Saleh Model . . . . ... ... ...
3.3.3  Ghorbani Model . . . . . . ... ...
334 RappModel . . . .. ...
3.4 Linearization Technique . . . . .. ... .. .. ... ... ....
3.4.1 Pre-distortion . . . . .. ... ... oL
3.4.2 Feedforward . . . . ... ...
343 Feedback. . . .. .. oo
344 LINC. . ...
3.5 Conclusion . . . . . . ...

il

W N =

S O ot Ot

11
12
14
15
15
16



4. Post-Compensation Technique 25

4.1 Introduction . . . . . . . .. ..o 25
4.2 Proposed Nonlinearity Compensation Scheme . . . . . . .. . .. 25

4.2.1 Nonlinearity Compensation Algorithm . . . . .. .. . .. 25
4.3 Conclusion . . . . . . . .. 28

5. Nonlinearity Compensation for Multi-level Modulation Systems 29

5.1 Introduction . . . . . . . . ... ... 29
5.2 Channel Model . . . . . . .. .. ... 30
5.2.1 Satellite System . . . . . . ... 30
5.2.2 Modulation Scheme . . . . . . . .. ... . 31

5.3 Simulation Results and Discussion . . . . . . .. .. .. ... ... 32
5.3.1 Simulation Model . . . . . .. .. ... ... L. 33
5.3.2 Transmission Characteristics . . . . . . . . . .. ... ... 36

5.4 Conclusion . . . . . . . . 41
6. Nonlinearity Compensation for Carrier Superposed Systems 46
6.1 Introduction . . . . . . . . . ... 46
6.2 Carrier Superposed Network with Nonlinear Compensation . . . . 49
6.2.1 Carrier Superposed Network . . . . . . ... .. ... ... 49
6.2.2 Interference Canceller . . . . . . . . ... ... ... .... 50
6.2.3 Problem of Interference Canceller in Nonlinear Channel . . 51

6.3 Performance Evaluation . . . ... ... . ... ... ... .... 53
6.3.1 Simulation Model and Parameters . . . . . . . . ... ... 53
6.3.2 Results and Discussions . . . . . ... ... ... ..... 55

6.4 Conclusion . . . . . . . ... 58

7. Optimization for Multi-level Modulation with Low Input Backoff 60

7.1 Introduction . . . . . . . ... 60
7.2 Algorithm of Optimized Compensation . . . . . . ... ... ... 60
7.2.1 Gain Adjustment for Multi-Level Modulation . . . . . .. 61
7.2.2  Nonlinearity Compensation with Step Function . . . . .. 62
7.3 Simulation Results . . . . . . . .. ... oL 64
7.3.1 Improvement of Required CNR . . . . .. ... ... ... 65

v



7.3.2 Evaluation with Constellation

7.4 Conclusion

8. Conclusion
8.1 Summary and Conclusion
8.2 Future Work

Acknowledgements
References
Appendix

of Publications

International Conference

Unrelated International Conference

69
69
70

72

73

78



List of Figures

N O U = W N

oo

10

11

12

13

14

15

16

17

18

The idea of FDMA. . . . . . .. .. ... ...
The idea of CODMA. . . . . . .. .. ... ...
The idea of TDMA. . . . . . . . . . . ... ... ...
P to P satellite system . . . . . . ... ... 0.
P to MP satellite system . . . . . . ... ... ... ... ... ..
Process and algorithm of nonlinearity post-compensator. . . . . .
An example of compensation of distorted signal due to the noise
and/or wave distortion by receiving filter. . . . . . . . .. ... ..
32 APSK Signal Constellation . . . . . ... ... ... ... ...
Channel Model of Nonlinear Satellite Channel for 32APSK Trans-
mission with Nonlinearity Compensation . . . . . . ... ... ..
Filter bandwidth of modem, satellite TX/RX, and earth station
RX filters . . . . . . . .
A design of Chebyshev filter used in the satellite TX/RX filter (in
case of BW=1.3) . . . ... .. ... ...
BER Performance of 32APSK Signal through Nonlinear Channel
with and without Nonlinearity Compensation (Rolloff Rate 0.1,
Bandwidth 1.1) . . . ... ... . o o
BER Performance of 32APSK Signal through Nonlinear Channel
with and without Nonlinearity Compensation (Rolloff Rate 0.2,
Bandwidth 1.2) . . . . .. ... ...
BER Performance of 32APSK Signal through Nonlinear Channel
with and without Nonlinearity Compensation (Rolloff Rate 0.3,
Bandwidth 1.3) . . . . .. ... .o
Required C/N to obtain BER = 1072 as a function of Satellite as
a parameter of Input Backoff(Rolloff Rate 0.1) . . . . . . ... ..
Required C/N to obtain BER = 1072 as a function of Satellite as
a parameter of Input Backoff(Rolloff Rate 0.3) . . . . . .. .. ..
Required C/N to obtain BER = 1072 as a function of Input Backoff
(IBO) for two cases of Filters . . . . .. ... ... ... .....
Signal Constellation of different Backoffs and its improvement with
compensation (BW=1.4, Rolloff Rate 0.3, CNR=0c0) . . . . . . ..

vi



19

20
21

22
23
24
25

26
27
28
29
30
31

32

33

Effect of thermal noise to Signal Constellation (BW=1.4, Rolloff
Rate 0.3, CNR=30dB) . . . . . ... ... ... ... ....... 45
Concept of interference canceller for superposed transmission. . . 50

Typical nonlinear characteristics of TWTA

(() is the IBO and OBO (dB)) . . . . . ... ... ... ... ... 52
Signal vectors of TWTA input and output . . . .. .. ... ... 53
Block diagram of the simulator . . . . . .. ... ... ... ... 54

Effect of changing input back-off on bit error rate of inbound signal 56
Degradation due to TWTA nonlinearity with and without com-
pensation (Degradation of CNR from linear case to obtain BER

1074dB) © . 57
BER difference when rain attenuation level changes. . . . . . . . . 58
Constellation of received signal at CNR=o0cc IBO=6dB . . . . .. 59
Constellation of received signal at CNR=o00 IBO=12dB . . . . . . 59
Flow chart of the original and a new level adjustment. . . . . .. 63
Example of new nonlinearity compensation with 32APSK. . ... 64
Required C/N to obtain BER = 1072 as a function of Input Backoff

(IBO) for BW=1.4, Rolloff=0.3. . . . . ... ... ... ...... 65
Required C/N to obtain BER = 1072 as a function of Input Backoff

(IBO) for BW=1.2, Rolloff=0.2. . . . . . ... ... ... ..... 66
Signal Constellation of different Backoffs when gain adjustment

and step function is applied. (BW=1.4, Rolloff Rate=0.3) . . .. 68

List of Tables

Simulation parameters for 32APSK transmission via nonlinear satel-

lite channel . . . . . . . ... 36
Simulation Parameters . . . . . . . . . . ... 54
Nonlinearity Parameters . . . . . . . . .. .. ... ... . .... 55

vil



1. Introduction

1.1 Background

Satellite communication has been researched for more than fifty years, and this
field has grown extremely to be an indispensable technology. Satellite communica-
tion is mainly purposed for telecommunications, data transmission, and television
broadcasting. Nowadays there are alternative solutions like optical fiber, though
still satellite communication is used in many important situation because it has
absolute advantages over alternatives. Once the satellite is carried into orbit
around the Earth, it is very easy and inexpensive to construct a communication
channel even across the distance. Another benefit is that it is possible to easily
construct a broadcasting network only by aligning the reception antenna towards
broadcasting satellite.

However, current satellite communication is reaching several limitations over
operation. First is the maximum number of satellites that could be placed into the
orbit. If two satellites that share the same frequency band are placed too close to
each other, the earth station’s antenna must have narrow and precise directivity
to avoid interference to each other. Second is the bandwidth limitation problem.
The network which shares multiple satellites or satellite that are close in orbit
have to share the frequency band. Therefore, the maximum number of channels
that could be assigned to those satellites are limited. The allocation of satellites
and frequency usage are arbitrated by an international organization called ITU
(International Telecommunication Union) [13].

To effectively use the limited frequency band and to reuse those frequency
band, many schemes have been proposed. For example, combination of multi-
beam satellite and SS-TDMA (Satellite Switched Time Division Multiple Ac-
cess) [12] is one of the major schemes to reuse the frequency band. In SS-TDMA
system, connections between spot-beam antennas on the satellite are switched
along with the TDMA base frame. FEach earth station sends a signal to the
transponder when spot-beam antenna on the satellite that receives signal is con-
nected to the spot-beam antenna aiming receiver earth station. From this, trans-
mitter and receiver can use the same frequency band because they are splitted

spatially and at the same time, different pair of earth stations can communicate



using different spot-beam antenna. This scheme also makes use of the guard time
of TDMA slots by switching circuit at that time. Though SS-TDMA is effective
scheme, it requires a large number of switches corresponding to the maximum
number of channel combination and complicated synchronization function.

There are other schemes like carrier superposing (common band) [10] and
multi-level modulation for effective use of frequency band that can be adopted
to conventional satellite system without large modification. Carrier superposing
technique assigns two or more carriers in the same frequency band and multi-level
modulation transmits multiple data bits per symbol. These schemes enhance the
frequency utilization efficiency, but more and more demand on greater data trans-
mission rate has been arising because of the high definition video broadcasting
and larger internet traffic. This research focuses on these two schemes to improve
the data rate of conventional satellite communication.

To apply above two schemes to conventional satellite system and properly
operating it without large modification of earth station, a higher satellite trans-
mission power and high power efficiency are required. Though, to increase the
satellite transmitter’s power, the nonlinear distortion of satellite’s high power am-
plifier (HPA) [28] must be conquered or else amplifier with larger gain must be
installed to the satellite transponder to obtain more power with the same amount
of nonlinear distortion, which is unrealistic option.

Nonlinear distortion is a problem for most of the HPAs. It is impossible
to design and construct HPA without any nonlinearity. Signals suffer from more
nonlinear distortion when amplifier’s operation level is set closer to the saturation
level. From this, the satellite’s amplifier must be operated at a level with a certain
amount of backoff from saturation level to avoid nonlinear distortion. Although
when backoff increases, the potential of satellite amplifier is not being fully used
and the power efficiency of satellite decreases. Otherwise, if the amplifier is driven
near saturation level, any type of compensation is required to reduce the nonlinear

distortion of received signal.

1.2 Objective

Objective of this dissertation is to propose an effective scheme that relieves nonlin-

ear distortion of satellite amplifier, which can be apply to conventional satellite



systems, and apply that scheme to practical satellite networks to evaluate the
performance of the scheme.

In many cases, TWTA (Travelling Wave Tube Amplifier) [22] has been used
as HPA for satellite transponder because it has high gain, wide band, and power
efficiency. TWTA has two major nonlinear characteristics, AM/AM conversion
and AM/PM conversion, which are output amplitude characteristic and output
phase characteristic, respectively. For TWTA nonlinearity compensation, these
two characteristics are to be concerned. These characteristics can be represented
with simple equations by Saleh’s model [24] and therefore, the inverse character-
istics can also be formulated in a simple form.

This inverse function can be implemented before and after the satellite am-
plifier. However, if this compensator is installed at the transmitter earth station,
the bandwidth of transmitter’s output signal will be expanded due to the reverse
nonlinear distortion. Also in carrier superposed satellite network, the amount
of nonlinear distortion cannot be estimated at the transmitter side because two
or more carriers are superposed at the transponder [27, 3]. Therefore in this
research, post-compensation is chosen as the type of compensation.

In this dissertation, post-compensation scheme for satellite TWTA is pro-
posed. First, this post-compensation scheme is implemented to multi-level mod-
ulated satellite network, a general type of network, for performance evaluation.
Then this scheme is implemented to carrier superposed satellite network. The
evaluation is done by computer-based simulation to prove the effectiveness of

proposed scheme.

1.3 Outline

This dissertation is organized as follows. In Section 2, the fundamental of satel-
lite communication is explained. Then in Section 3, nonlinearity of HPA used
in satellite communication and its countermeasures are explained. In Section 4,
the main theme of this dissertation, post-compensation scheme is detailed. For
evaluation of proposal scheme, in Section 5 and 6, proposal scheme is applied
to two typical satellite networks. In Section 5, multi-level modulation network, a
more common satellite system is the target and in Section 6, carrier superposed

network, another high efficient satellite communication system, is the target ap-



plication. Section 7 details the algorithm of another post-compensation scheme
optimized for low input backoff situation on multi-level modulated satellite net-
work, and also evaluates the performance of the scheme. Finally in Section 8, the

summary, conclusion, and future work of this dissertation is noted.



2. Satellite Communication

2.1 Introduction

Before going further about the nonlinearity, the basic overview of satellite com-
munication is explained in this section.

In satellite communication, transmitter earth station sends signals to receiver
earth station via space station (satellite transponder). Some communication net-
work like satellite mobile phone switches multiple low earth orbit (LEO) satellites
as the transponder because it has short propagation delay and smaller propaga-
tion loss. On the contrary, most satellites for communication are geostationary
satellite (GEO) because of its large covering area and stable network. Geosta-
tionary satellites are launched to circular orbit of height 35800km to make the
satellite orbit around the earth at the same speed of earth rotation. In this way,
the relative position of geostationary satellite against earth surface is static, and
the satellites can be seen in the same location on the sky.

Satellite communication has following features that are not found on terrestrial

communications.
e Wide bandwidth and high speed communication.
e Wide coverage area with a single satellite.

e Earth station can be added for instant expansion of network inside service

area.

e Multiple earth stations can receive the same signal. Capable of broadcast-

ing.
e Accessible from multiple earth station.
e Highly reliable. Does not affected by disaster like wired network.
e Transmission quality is unrelated to the distance.

e Round trip transmission delay of 0.25 second.



From the above list, the most important feature of satellite communication
is multiple accessibility. In conventional satellite communication, users in the
coverage area share a transponder. This means, any earth station in the same
coverage area can transmit a signal to that satellite and receive signal from that
satellite. When two or more users tried to transmit a signal to the same satellite
on the same frequency band at the same time, each signal will interfere with
each other. There are two ways to avoid this conflict and share the transmission
capacity among all earth stations. The first way is called " Multiplexing”, and the
second way is called ”Multiple Accessing”. Multiplex techniques like TDM (Time
Division Multiplex) and FDM (Frequency Division Multiplex) are a common
method not only for satellite communication but also for optical fiber and fixed
terrestrial wireless communication to share frequency resource. Multiple access
technique is used to connect single station to multiple station and is mainly for
wireless communication. Further information is detailed in the next section.

Other than multiplexing and multiple accessing, we must clarify important
factors like modulation scheme and other network configurations to discuss the
nonlinearity of satellite channel. In this section, first, configurations of satellite
network, which is related to satellite system’s nonlinearity, is explored. Then the
frequency usage and power efficiency problem of satellite communication, which
are deeply connected to the problem of nonlinearity [19], is explained. Finally, in

this section, the summery of current satellite network is expressed.

2.2 Configurations of Satellite Network

In this section, multiple access scheme, modulation scheme, and other network
configurations for satellite communication are introduced. These configurations

are very important as it gives great impact on satellite transmission performance.

2.2.1 Multiple Access

Multiple access technique is a scheme to avoid signal conflict over different sta-
tions when multiple stations simultaneously communicate with each other using
common transponder. Without this scheme, collision will occur between connec-

tions and therefore, it is impossible to connect multiple earth stations to each
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Figure 1. The idea of FDMA.

other and control the connections. All multiple access scheme requires a type of
controller to govern the access of each earth station.

There are three major multiple access control schemes that are used in satel-
lite communication. First is FDMA (Frequency Division Multiple Access) which
assigns each earth station a different frequency band to avoid interference. An-
other is TDMA (Time Division Multiple Access) which assigns each earth station
a different time slot to send and receive signals. The last is CDMA (Code Division
Multiple Access) which assigns each station a different code for spread spectrum.

Each scheme is explained below.

FDMA

The Idea of FDMA is shown in Figure 1. In FDMA transmission, first, entire
frequency band that is available is divided to multiple sub-bands. Then each
earth station sends a signal over sub-band that other stations are not occupying,
sharing the frequency band of the transponder. Two styles, demand assignment
and pre-assignment, can be chosen for frequency band assignment of each station.

In demand assignment method, each earth station requests sub-band when it is



Figure 2. The idea of CDMA.

needed and the band is released when it is unused. This method can increase
the frequency usage efficiency but requires a channel assignment controller that
is usually implemented in the same transponder. The frequency bandwidth that
is assigned to each station can be heterogeneous. Contrarily, pre-assignment
method assigns all sub-bands to each earth station in advance and is fixed during
operation. This method does not require a controller on satellite transponder,
but frequency usage could drop due to unused channels.

When the number of access station increases, intermodulation interference will
be emphasized, and to keep the transmission quality at high, satellite transponder
must limit the input power (take more input backoff) to operate its amplifier
under linear region. Otherwise, the intermodulation noise will lead to growth
of input power and will cause nonlinear distortion of the output signal. This
limitation of input power brings down the channel capacity.

Compared with other multiple access method, HPA and modem of FDMA

stations is simpler but requires more linearity.

CDMA
The Idea of CDMA is shown in Figure 2. CDMA is a method to transmit



signal after spreading spectrum using different codes that are assigned to each
station. In the transmitter, the signals are primary modulated by schemes like
PSK (Phase Shift Keying) shown in the next section, and then modulated to
spread spectrum signal using unique spreading code like pseudo-random code to
be sent. The spread spectrum signal has extremely wide frequency spectrum
compared to primary modulated signal. The signal sent from other station that
is spread with different code will act as noise against desired signal and the total
power of noise will be larger than the desired signal. The receiver correlates
the received signals by using despreading code which corresponding to the code
applied in the transmitter to retrieve the original signal. In this process, the
desired signal’s power is condensed to bandwidth before it is spread but other
channel’s signal and noise will not be affected by this process and keep its power
spectrum. Therefore, the desired signal’s power spectrum surpasses the other
component’s power spectrum.

Compared with other multiple access method, CDMA has low channel ca-
pacity due to the limitation of transponder’s bandwidth. However, this method
can communicate without having initial acquisition procedure and has privacy
and interference tolerance. The number of satellite network using CDMA is few
compared to other multiple access schemes like FDMA and TDMA.

TDMA

The Idea of TDMA is shown in Figure 3. In TDMA method, multiple earth
stations send the signal to satellite transponder in the same frequency band but
in a different time slot so that they do not overlap with each other. Each earth
station is assigned to a time slot within a TDMA frame which is a cyclic period
for transmission and reception. As same as FDMA, there are two ways for the
time slot assignment, demand assignment and pre-assignment.

Compared with other methods, in TDMA, only a single carrier occupies the
transponder at each moment. So intermodulation interference will not be gener-
ated when number of accessing earth station increases. However, a slight descent
of channel capacity occurs because of the pre-amble and transmission overheads
needed for TDMA. Also, a change of distance between the satellite and the earth

station makes it difficult to control the signal transmission timing even more dif-
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Figure 3. The idea of TDMA.

ficult when transmission rate becomes higher. Therefore in most cases, guard
time is inserted between the time slots to avoid signal overlapping.

Currently, SS-TDMA (Satellite Switched TDMA), a type of TDMA used for
multi-beam satellite, has been introduced for better use of guard time. In multi-
beam satellite communication, narrow directivity beam (spot-beam) antennas are
combined to compose a multi-beam antenna that covers the whole service area
and each spot-beam antenna handles a part of the service area. In this way, each
earth station can transmit signal independently without interfering. Guard time
in SS-TDMA is used to switch the connection between the spot-beam antennas
to have a different communication paths. The advantage of SS-TDMA is that
multiple spot-beam antennas can transmit signal at the same time slot because
they do not interfere with each other. The disadvantage of SS-TDMA is that when
the number of earth station increases, it requires many switches to construct all
pattern of paths.

Multiple Access and Nonlinearity

According to the above information, multiple access scheme except for the TDMA
can cause an intermodulation interference because two or more uncorrelated sig-
nals occupy the channel. When the number of carriers increases, the more inter-
ference it will receive. Though in this research, this kind of situation is not con-

cerned for the simplicity of simulation and therefore nonlinear distortion caused

10



by multiple access is not concerned.

2.2.2 Modulation

For modulation, there are two categories. One is analog modulation and the other
is digital modulation. In old time, FM (Frequency Modulation), which is a type
of analog modulation, was the most common modulation scheme used in satellite
communication. At that time, the satellite’s transmission power was limited and
the number of channel transmitted via satellite was small. FM transmission was
chosen for a long time because it allowed high quality audio and TV signals to be
recovered in the baseband channel with a low C/N ratio at the receiver. It was
also chosen because it could utilize wide frequency band and could be realized
with simple hardware. Nowadays the number of the channel has increased and
more efficient modulation scheme has been desired. To answer to these demands,
digital modulation schemes have been adopted to satellite communications.

There are many reasons and advantages for choosing digital modulation. It
is easy to multiplex data signals into high speed data stream and vice versa.
Without many analog devices, sophisticated signal processing can be performed
with ICs (Integrated circuit). In addition, it is much simpler to apply digital
modulation to TDMA than to apply analog modulation.

There are three types of the parameter that could be used to digitally mod-
ulate signals. Those are amplitude, frequency, and phase and the modulation
schemes for each are called ASK (Amplitude Shift Keying), FSK (Frequency Shift
Keying), and PSK (Phase Shift Keying) respectively. There are many variants
of these three basic modulations. Within those modulation schemes, PSK is the
most widely used in satellite communication. Here, PSK and APSK (Amplitude-

Phase Shift Keying) is detailed because those are used in this research.

PSK

PSK modulation is commonly used in satellite communication because it has low
symbol error rate at the same CNR (Carrier to Noise Ratio) compared to other
modulation schemes. Therefore, it is suitable for networks that are difficult to
achieve high CNR like satellite communication. PSK is a scheme where phase

of the carrier signal is shifted according to the transmitting baseband symbols.

11



For the demodulation of PSK signals like this, synchronous detection or delay
detection is usually adopted.

QPSK (Quadrature Phase Shift Keying) is one of the most widely used mod-
ulation scheme used in satellite communication. It is a type of PSK modulation
that sends the signal by synthesizing two carrier waves that have phase of /2
apart, with each waves binary modulated using sequence of serial parallel con-
verted signals. When both channel’s signal changes at a same time, the phase
changes 7 at maximum and invokes envelope fluctuation on modulated signal
under limited bandwidth.

APSK

APSK is a combination of ASK and PSK, where both amplitude and phase of
the carrier wave is modulated. 16APSK or 32APSK is commonly seen in recent
satellite communication. In those modulation schemes, 4 or 5 bits of transmitting
binary signals are converted to 16 or 32 points of constellation respectively, and
modulated with the same way as QPSK using two carrier waves. From this, more
information could be packed in to a single transmitting symbol but should be
operated under higher CNR because the distance between the constellation is

closer than that of QPSK under the condition of the same power.

2.2.3 Other Network Configurations

Besides the transmitting signals, there are many other network configurations
that are involved in satellite communication. One of the most important config-
urations that are not explored above is the network layout, or in other words,
how earth stations communicate with each other. One perspective to categorize
network layout is the direction of propagating signals. There are unidirectional
and bidirectional satellite communications. The example of unidirectional satel-
lite communication is satellite TV broadcasting, which TV station just transmit
video contents and end users just receive the program. On the other hand, the ex-
ample of bidirectional satellite communication is an internet connection of remote
area through communicational satellite.

Another perspective is the number of node which is connected to single earth

station. If one station is connected to another single station, that is called ” Point-
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Figure 4. P to P satellite system

to-Point” (P-P) connection, and if one station is connected to multiple stations,
that is called ” Point-to-MultiPoint” (P-MP) connection. More information about
P-P and P-MP connections are detailed below.

P-P

Figure 4 shows the layout of P-P satellite network. In P-P satellite system, one
earth station only communicates with another earth station at a time. The signal
can be unidirectional or bidirectional but in most cases, bidirectional network is
adopted. Two earth stations are symmetric and either of the stations can be
the transmitter or the receiver. They also have about the same signal trans-
mission power. An example of P-P satellite network is intercontinental satellite

communication.

P - MP

Figure 5 shows the layout of P-MP satellite network. In P-MP satellite system,
one large earth station (hub) communicates with very small aperture terminals
(VSAT). VSATSs have small transmission power compared to hub station. This

network can also be unidirectional or bidirectional. For example, unidirectional

13
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P-MP network is used for broadcasting information to wide area quickly, and

bidirectional P-MP network is used for on-demand video delivery service.

2.3 Problems of Current Satellite Communication

Currently, more and more highly intelligent devices have been developed and the
size of data that are been exchanged over the network is increasing. This trend
has increased the demand of more channel capacity to satellite systems. However,
this is a challenge for satellite communication because the number of satellites
that could orbit is limited. As mentioned before, if two satellites that use the
same frequency band are placed too close to each other, it may cause interference
to each other. To avoid the interference, the earth station’s antenna must have
narrow and precise directivity, which is unrealistic in terms of cost.

Based on above facts, there are two ways to expand satellite channel’s capacity
without adding or modifying the satellite. In this part, these two methods are

shown.
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2.3.1 Frequency usage

The first way to increase channel capacity is to use frequency more efficiently. If
more information could be squeezed into same bandwidth, or reduce the band-
width required to transmit same signal, then the channel capacity will increase.
There are many researches for better frequency usage. For example, there is a
method proposed for spectrum control, which split and compress transmitting
frequency band to fit into available frequency band on satellite transponder.
Author has also researched a method called ”carrier superposing”, which su-
perpose two frequency band into one band to achieve double frequency usage
efficiency [10]. When using this technique, canceller must be installed to the
receiver to cancel out undesired signal that is superposed to the desired signal.
This means that by adding canceller to the receiver, it is possible to achieve twice
of frequency efficiency. However, two uncorrelated signals are superposed, so the

nonlinearity of satellite amplifier becomes more serious problem.

2.3.2 Transmission Power

Another way to increase channel capacity is to increase the received signal’s
CNR. At a glance, this seems to have no effect on channel capacity improvement,
but if CNR increases, there is a choice of using multi-level modulation schemes.
Multi-level modulation schemes like 16APSK and 32APSK are normally used in
CNR condition higher than 20dB. Though, free-space propagation loss is very
large because geostationary satellite is 35,786km above the earth which makes
CNR lower. Earth station’s receiver adopts LNA (Low Noise Amplifier) which
is located near the antenna to amplify such weak signal with a small amount of
noise.

There are two ways to improve the received signal’s CNR. One is to adopt
larger antenna for earth station to receive. In this way, higher CNR can be
achieved easily but with high cost and some antennas are already in large size.
Another way is to increase satellite transponder’s output power. However, the
satellite’s power is limited because the energy is supplied from attached solar
panel. Also, it is very expensive to replace satellite’s amplifier to one that has
higher output. As a result, the only possible way to increase satellite’s output

power is to operate the amplifier with smaller input backoff as far as using con-
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ventional amplifier, causing more nonlinear distortion to the signal.

2.4 Conclusion

In this section, brief overview of satellite communication system is shown. Satel-
lite communication has many unique features. Of many features, multi accessibil-
ity and broadcasting ability are the most important features of satellite commu-
nication. To utilize its multi accessibility the most, many multiple access method
has been adopted to satellite communication. Additionally, there are network
layouts like P-MP systems that are specific for satellite communication. Some
of these techniques shown above are adopted to terrestrial communication with
many other techniques that are not shown here. This is because these technolo-
gies are brought from state-of-the-art researches, which are usually done under
the initiative of government in the name of space development.

From the prevalence of high definition videos and other large size data, more
and more channel capacity of satellite network is desired. However, changing
the hardware configuration of satellite transponder is unrealistic from the point
of cost. To achieve higher channel capacity with current satellite transponder,
which has limited power supply, and minimum modification to earth station, op-
erating satellite amplifier near saturation level and taking measures to nonlinear
effect is necessary. Next section refers about more detail of satellite amplifier’s
nonlinearity and general idea of the countermeasures that have been considered

until now.

16



3. Nonlinearity and Linearization Technique

3.1 Introduction

In the previous section, basics of satellite communication is explained. There
are many types of satellite network, but they all use HPA which has nonlinear
characteristics to amplify weak signal received at satellite transponder. Currently,
most of the satellite transponders are configured to take large input backoff to
avoid large nonlinear distortion of the signal and this prevents satellite from
utilizing maximum output power. To use satellite’s limited power more effectively,
this dissertation proposes a nonlinearity compensation scheme. Though before
the proposal, nonlinear characteristics of the satellite amplifier must be analyzed.

First in this section, a detail of nonlinear amplifier which is used in conven-
tional satellite systems is explained. Then, typical nonlinear characteristic models
that represent the nonlinear characteristics of HPAs are explained. After that,
many linearization technique of amplifier’s nonlinearity that have been researched

recently are explained.

3.2 Nonlinear Amplifier

Almost all amplifiers with high output power are nonlinear amplifier. They are
been used in many places like satellite transponder, earth station, and many other
terrestrial wireless transceivers for microwave communication. There are two
major types of nonlinear amplifier that are used in such places, TWTA (Travelling
Wave Tube Amplifier) and SSPA (Solid State Power Amplifier). In this section,
these two types of HPAs are detailed.

Nonlinear characteristics of HPA can be classified into two forms. One is
AM/AM (Amplitude to Amplitude) conversion and the other is AM/PM (Am-
plitude to Phase) conversion. AM/AM conversion is a relationship between input
and output amplitude of the amplifier. One way to evaluate the AM/AM char-
acteristic is to find a point where the gain of amplifier drops in 1dB from linear
gain, which is called 1dB compression point (P1dB). AM/PM conversion is a
relationship between input amplitude and output phase of the amplifier. The

phase of the output signal varies corresponding to the input signal’s amplitude.
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3.2.1 TWTA

TWTA is an amplifier consist of elongated vacuum tube with an electron gun at
one end and a magnetic containment field around the tube to control the electron
beam. RF input and electron beam are passed through the RF' circuit, usually a
wire helix or coupled cavity, and emphasized RF output is collected at the other
end of RF circuit. The RF circuit acts as a delay line, in which RF signal travels
at the same speed along the tube as an electron beam. RF signal interacts with
electron beam and velocity modulation occurs, which induces more current into
the RF circuit.

Helix TWTA has a simple structure, extremely wide operating frequency band
(from 300MHz to 50 GHz), and high output power. This output power depends
on heat capacity of helix. Helix is usually cooled by water but if more power is
induced to the helix, the thickness of helix must be increased or better thermal
conductivity material must be used to prevent helix from overheating. On the
other hand, coupled cavity TWTA has a series of coupled cavities arranged axially
along the tube, which acts as a helical waveguide. Coupled cavity TWTA has
higher output power than helix TWTA but has narrow frequency band compared
to helix TWTA.

Compared with SSPA, TWTA has wider output frequency band and higher
output power. Also, the power usage efficiency is larger than SSPA. However,
TWTA has greater nonlinearity compared to SSPA. In conventional satellite
transponder, the output power was the most important, so TWTA was used
in many satellites with large input backoff to prevent signals from being non-
linearly distorted. Now more power is required for satellite transponder, so the
nonlinearity of TWTA is becoming an issue. In this research, TWTA is chosen
for the target of nonlinearity compensation because it is widely used in satellite

communication.

3.2.2 SSPA

SSPA is an amplifier that uses field effect transistors (FET) to provide large scale
amplification of signals at gigahertz frequencies. A name ”solid state” comes from
where it does not use any vacuum tube, only consists of power semi-conductor
circuits. Conventional SSPA uses GaAs FET, which has about 100W of power
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resistance at maximum. To achieve higher output power, SSPA combines multiple
FETs. SSPA is used in many low power earth stations and some small satellite
transponders.

Compared with TWTA, SSPA has higher stability, reliability, and longer life
because it does not require extensive cooling equipment like TWTA. Moreover,
it is compact and inexpensive, it can be operated from a low voltage supply,
and also has more linear characteristics than TWTA. However, the defect of
SSPA is that it has lower output power and narrower output frequency band
than TWTA. In recent years, many types of SSPA have been researched, and
some that uses new semi-conductor material like GaN FET are reported to have
power close to TWTA. From great improvement of SSPA, SSPAs are beginning
to taking places of TWTA that are used in satellite communications. Still, many
satellite transponder uses TWTA and moreover, SSPA also has a certain amount

of nonlinearity.

3.3 Nonlinearity Model

Many researchers have been proposing models that represent nonlinear charac-
teristics of HPA. Models for the nonlinearity can be classified into three types;
a nonlinearity model with memory, quasi-memoryless model, and memoryless
model or instantaneous model. The main reason why memory effect appears is
from thermal change and power supply’s DC bias drifting. In this research, to
make the story simple, nonlinear characteristics are presume to be memoryless.
The following section describes typical memoryless nonlinearity models. They
all based on the fact that nonlinear characteristics that should be represented are
only AM/AM conversion and AM/PM conversion characteristics. From those
memoryless nonlinearity models, Saleh’s model described below is applied as

satellite amplifier’s nonlinearity in this research.

3.3.1 Polynomial Model

Polynomial model is a nonlinearity model which represents output function of

the amplifier with finite polynomial equation of the input sequence

]T

: (1)

x=[r1,22, -, 7
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where L is the number of input sequences used to calculate the output. Then the

output polynomial function can be represented as

N
Y= Z akwka (2)
k=0

where N is the order of the polynomial function and « are the coefficients.

The coefficients a can be determined using least-squares estimation by finding
the values that give minimum error to actual output of the amplifier. Polynomial
function will be representing the actual characteristics of amplifier precisely when
the order N becomes large. Contrarily, the calculation cost becomes large when
order N is larger. Usually, polynomial model is used only to represent AM/AM
conversion of the amplifier, and a different model like linear phase change model

is applied to AM/PM conversion.

3.3.2 Saleh Model

Saleh Model [24] was constructed to represent the nonlinear characteristics of
TWTA. In Saleh model, two equations that represent AM/AM conversion and
AM/PM conversion are defined. AM/AM conversion is represented by

A
9= (3)

where A is amplitude of the input signal at that moment, and «,, 3, are coeffi-

cients to adjust output amplitude. Similarly, AM/PM conversion is represented
by
Oé@AQ
= (4)
14+ BpA

where A is the same as above equation and ag, B¢ are coefficients to adjust output

D(A)

phase rotation.

As shown in above equations, both AM/AM and AM/PM conversion is based
only on the instantaneous amplitude of the input signal. Also parameters o, 5y, e, Bo
are used to adjust nonlinear characteristics to be closer to actual TWTA, where
TWTASs have individual variance. To decide the parameters, TWTA’s nonlinear
characteristics can be extracted from actual amplifier by measuring the relation-

ship of input and output signal.
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In this research, this Saleh model is applied for nonlinear characteristics of
TWTA because it is simple and is sufficient to express the nonlinearity of most

TWTA used in satellite communication.

3.3.3 Ghorbani Model

Ghorbani model was developed to represent SSPA’s nonlinearity because SSPA
has different nonlinear characteristics than TWTA. It represents SSPA’s nonlinear
characteristics better than Saleh model. Same as Saleh model, Ghorbani model
has two equations each representing AM/AM conversion and AM/PM conversion

characteristic. AM/AM conversion is represented by

. IlAIQ
1 + stmg

9(A) + 244 (5)

where A is amplitude of the input signal, same as Saleh’s and x1,z9, x3, 14 are

coefficients to adjust output amplitude. AM/PM conversion is represented by

y AyQ
P(A) = m +ysA (6)

where A is the same as above equation and vy, y», y3, y4 are coefficients to adjust
output phase rotation.

As you can see from the equations, it is possible to give same AM/AM and
AM/PM conversion characteristics as Saleh’s model by setting parameters as so
and parameters can also be configured to have more linear characteristics. These
parameters can be configured to achieve the same characteristics as actual SSPA

nonlinearity.

3.3.4 Rapp Model

Rapp model was developed for SSPA nonlinearity. Rapp model is represented
in the form of one equation for AM/AM conversion only. AM/AM conversion is

represented by

g(A)=v —p>0,Ag>0,v>0 (7)

(1+[]")"
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where p is a smoothness coefficient, A is saturation level, and v is small signal
gain.

Rapp model has the following features. It has smooth transition near satu-
ration point of AM/AM conversion, and the function that represents AM/PM
conversion is not defined in Rapp’s model because AM/PM conversion of SSPA
is negligibly small compared to TWTA’s AM/PM conversion characteristic. The
larger the smoothness coefficient p becomes, the output function becomes more

linear and the transition near saturation becomes sharper.

3.4 Linearization Technique

As shown above, there are many models proposed to represent the nonlinear char-
acteristics of HPAs. What they all have in common is the conversion function
of AM/AM and AM/PM characteristics. That is to say that those two con-
versions are the only nonlinearities that have to be concerned to prevent signal
from receiving nonlinear distortion. In this section, a brief description of many

linearization techniques that are proposed to relieve nonlinear distortion is noted.

3.4.1 Pre-distortion

The first linearization technique shown in this section is the pre-distortion scheme.
Pre-distortion is a scheme which applies reverse nonlinear characteristics of satel-
lite amplifier to the input of the amplifier to achieve linear output. Ordinary
pre-distorter consists of attenuator for AM/AM pre-distortion and phase shifter
for AM/PM pre-distortion.

Pre-distortion scheme can be adopted very easily and is an inexpensive method
because it can be installed to transmitter which is on earth. This scheme also
does not require any controller to adjust the compensation. Negative points of
this scheme are that pre-distortion can only be applied when amplifier’s nonlin-
ear characteristics are known ahead and is sensitive to drifting bias. Moreover,
this scheme expands signal’s frequency spectrum caused by reverse distortion.
Transmitter’s output spectrum is restricted by filter so under-compensation will

essentially occur.
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3.4.2 Feedforward

Feedforward is a scheme which compares input and output signal of nonlinear
amplifier and adds the differential signal, which is amplified by another amplifier,
to the output of primary amplifier. In this scheme, amplifier with the same gain
and characteristics as main amplifier must be adopted to have full compensation.
Also, the delay lines are inserted to match the signal timing.

As described above, feedforward scheme is implemented in satellite transpon-
der so the cost will be expensive to apply feedforward compensator to conven-
tional satellite transponder. In addition, feedforward scheme requires two HPAs
that have the same power, so it is very difficult to apply this scheme to satellite
transponder which has very high power amplifier, because of limited power re-
source. Moreover, it has bandwidth limitation to passing signal from the reason

of circuit delay of the control loop and secondary amplifier.

3.4.3 Feedback

Feedback scheme controls the input signal of nonlinear amplifier by referring to
the output of the amplifier. It draws an output signal and gives attenuation to it
to compare it with an original input signal. Then a variable attenuator and phase
shifter, which are controlled by differential signal, are inserted before the input
of nonlinear amplifier to adjust its output signal for nonlinearity compensation.

Same as feedforward scheme, feedback scheme is also expensive to install be-
cause it is applied to satellite transponder. It also has limitation over signal
bandwidth due to the signal delay of the control loop. However, compared with
feedforward scheme, this scheme has difficulty on stability of the control loop.
Feedforward and feedback scheme are not used commonly because of these dis-

advantages.

3.4.4 LINC

The last scheme shown here is LINC (LInear amplification using Nonlinear Com-
ponents). In LINC scheme, the input signal is divided into two constant envelope
signals and those signals are fed to two individual amplifier. Then the amplified

signals are combined to achieve amplified original signal. In this way, two nonlin-
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ear amplifiers can be used to achieve linear output because splitted signals have
smaller power, which means those amplifiers are operated in larger backoff.
When there is a difference on output gain or phase between two amplifiers,
distortion will be generated on synthesized signal. This distortion gives out-of-
band spectrum that cause intersymbol interference. Therefore, output control of
two amplifiers are very important. Moreover, the amplifiers must have the same

characteristics and suitable modulation scheme is required.

3.5 Conclusion

In this section, first, two types of nonlinear amplifier is introduced. Of those
two amplifiers, TWTA is targeted for nonlinearity compensation of this research.
Next, four major models that represent the nonlinearity characteristics of the
amplifier is explained. Here, Saleh model is adopted for this research because it
well represents TWTA’s nonlinear characteristics. Finally, four different types of
linearization technique are explained in this section.

The four linearization techniques each have different advantages and disadvan-
tages but of those techniques, pre-distortion scheme has been widely researched
because it is easy to apply and is capable to be applied at many types of satel-
lite systems. However, in some typical satellite network like carrier superposed
network, pre-distortion scheme can not be applied. Therefore in this research,

another nonlinearity compensation technique, post-compensation is proposed.
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4. Post-Compensation Technique

4.1 Introduction

To decrease interference caused by nonlinear amplifier for typical satellite net-
works, post-compensation scheme is proposed to compensate nonlinear distortion
of TWTA at the receiver side. In this section, the algorithm of proposal post-
compensation is explained. The basic idea of proposal method is to give a reverse
nonlinear distortion to the signal at the receiver to gain originally transmitted

signal.

4.2 Proposed Nonlinearity Compensation Scheme
4.2.1 Nonlinearity Compensation Algorithm

The TWTA output signal u(t) against the input signal s(t) can be expressed
by [5]
u(t) = s(t) x G[s(t)], (8)

where the amplifier gain G[s(t)] is

Gls(t)] = S(lt)g(IS(t)l)exp(jf(IS(t)l))- (9)

The function g(r) and f(r) represent AM/AM and AM/PM conversion charac-
teristics of nonlinear devices, respectively. For TWTA, amplitude of the input
vector is distorted according to AM/AM characteristics [25, 20)]

AT

= W7 (10)

g(r)

and phase of the input vector is distorted according to AM/PM characteristics [25]

Oé¢’f‘2

- 1—|—ﬁ¢7‘2’

f(r) (11)

where 7 is the amplitude of the input vector and «, 8 are TWTA parameters.
If we can know the original signal before TWTA distortion, that is the signal

compensated and linearized. In post-compensation, the original TWTA input
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signal can be estimated by calculating

7 a? 1 a
) = NapE B 28y (12)

where y is the amplitude of received signal vector. This equation can be de-

rived from above equation(10). After received signal’s amplitude is fixed with
equation(12), the signal’s phase is rotated inversely according to equation(11).
These processes of nonlinearity compensator are shown in Figure 6. 2z in
the figure represents input signal of nonlinearity compensator. If we do not
consider the effect of noise and wave deformation due to filters, g~*(|z|) at @ in
Fig.6 regenerates original signal level r where the AM/AM distortion caused by
satellite’s nonlinear amplifier is removed. Next, by reading the original amplitude
of each sampling point, the angle of phase distortion f(r) caused by satellite’s
TWTA can be estimated. Then this angle ¢ can be used to rotate the signal
reversely at (©) in Fig.6 to remove AM/PM distortion. As a result, signal before
TWTA distortion can be achieved at (¢). Linearization by these methods is

actually performed by digital signal processing at receiver side.

AM/AM compensator AM/PM compensator

2| [ (=) e £)

7 — | 0
v T
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Figure 6. Process and algorithm of nonlinearity post-compensator.

Because the thermal noise is added to the receiver’s input and the distortion
due to the filters between TWTA and compensator, the waveform of the TWTA
output changes at the input of the compensator. From this, the theory of lin-
earization mentioned above will not be satisfied and thus the signals output from

compensator do not exactly match to the satellite’s input signal. Figure 7 shows
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a case when TWTA input signal does not return to its original vector due to noise

and filter. This error finally becomes major reason of the dispersion of the con-

stellation of inbound signal. The simulator explained next is used to explore the

effect of thermal noise and filter on nonlinearity compensation. If carriers other

than opposed two waves are commonly amplified in the same transponder, pro-

posed compensation can be performed by receiving all these carriers. Therefore,

by this method, it is possible to expand this algorithm to the case of multi-user

and multi-frequency for one transponder that the inter-modulation is caused.

Q y

Noise and/or Wave Distortion due to Filter

TWTA Output
‘K—Distorted
Received T TWTA Input
. 4
o ~t ~ Compensated
. - Reverse

Figure 7. An example of compensation of distorted signal due to the noise and/or

wave distortion by receiving filter.
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4.3 Conclusion

In this section, a post-compensation method of satellite TWTA’s nonlinearity is
described. In this method, signal received at the earth station is passed through
nonlinearity compensator, which fixes the signal’s amplitude and phase based on
reverse function of TWTA’s nonlinear characteristics.

This post-compensation method is applicable to most of the satellite systems
simply by adding compensator in the receiver. By using proposal method, it is
possible to operate satellite transponder with smaller backoff and higher output
power to achieve higher power usage efficiency. The next two sections are an

example of the application of proposal scheme.
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5. Nonlinearity Compensation for Multi-level Mod-

ulation Systems

5.1 Introduction

Recently in satellite communications, application of 16APSK and 32APSK are
being considered [9, 8, 35] to improve transmission capacity for high quality video
broadcasting and other digital contents. Compared to ordinary PSK, these mod-
ulation schemes have larger channel capacity but smaller intersymbol distance
and is sensitive to nonlinearity of the network. Many researches to decrease the
effect of system’s nonlinearity and its compensation have been proceeding re-
cently. These researches can be categorized into two groups; ones that decrease
the PAR (Peak to Average power Ratio) of modulated signals and others that
relieve the nonlinearity of the system.

Example of former researches are modulation with hexagonal constellation
which has lesser PAR than QAM (Quadrature Amplitude Modulation) and PAR
reduction method which smoothen transition over the constellation by using spe-
cial coding and waveform shaping on bandwidth limited signals [29, 31, 30]. Re-
ducing PAR is effective to relieve nonlinearity of the network, though when think-
ing the effect of nonlinearity to multi-level modulation, not only PAR but also
difference of minimum and maximum amplitude becomes the problem, and the
effect of nonlinearity against modulation like QAM and APSK that uses ampli-
tude and phase for coding, cannot be removed by those PAR reduction methods.
Moreover, power loss and bandwidth loss caused by PAR reduction must be con-
cerned.

On the other hand, pre-distortion method explained in Section 3.4, which es-
timates the distortion vector generated at satellite transponder and adds reverse
distortion vector to the output signal at the transmitter to cancel out the distor-
tion [14, 15], is an example of the latter researches. This method can also improve
transmission performance by relieving nonlinearity of the system but can cause
spectrum spread of the transmission signal with nonlinear pre-distortion process.
Additionally, higher linearity is required for the transmitter’s amplifier because

pre-distortion might emphasize the amplitude change of the modulated signal.
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In this section, a post-compensation method is applied to multi-level mod-
ulated satellite network. Proposed method estimates the phase and amplitude
distortion that signal suffer at satellite from the amplitude of received signal and
compensate it by giving reverse distortion to the signal. Generally, multi-level
modulation is used with very high CNR environment and such condition gives
small error to the estimation of distortion vector. Therefore, this compensation
method is suitable for multi-level modulation network. This method can be im-

plemented easily by using recent digital signal processing technology.

5.2 Channel Model

In this section, satellite system model and its modulation scheme is detailed.
Satellite system that is described in this section is a general satellite communi-

cation system like the one for video transmission.

5.2.1 Satellite System

System of satellite communication consists of three parts, transmitter, receiver,
and satellite. Here, the detail of each part is explained.

In transmitter, signals to be sent to other stations are generated. First in
the transmitter, those signals are modulated in many ways. The fundamental
modulation schemes are shown in Section 2.2.2, and the modulation scheme used
in this research is explained in the next section. The modulated signals are
passed through a filter to eliminate out-of-band signals, and upconverted to higher
frequency. Finally at the transmitter, the signals are amplified with HPA and
transmitted to satellite using large antenna.

The important fact is that from band limitation, AM component of signal
waveform is emphasized. AM component will be smaller if the output filter passes
the signal of wider frequency band. However, output filter cannot be configured
too wide band because there are other signals transmitted at neighbor band that
could interfere with each other. In the receiver, signals are demodulated with
reverse process of transmitter. Filters used at the transmitter and receiver are
rolloff filter which has the same specification, and two filters are combined to

fulfill Nyquist criterion.
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Figure 8. 32 APSK Signal Constellation

Satellite station receives signals sent from the transmitter and convert those
signals to different frequency band. After the conversion, out-of-band signals are
eliminated by passing through a filter, and signals are amplified by satellite’s
TWTA to be sent to receiver station. Filter used at satellite transponder is
generally a precipitous filter with frequency band wider than earth station’s filter
so that it will not give an effect to the signals. Also backoff of satellite amplifier
has been taken enough for linear amplification because TWTA has nonlinearity
characteristics. Nonlinearity of TWTA is explained in Section 3.2.1.

5.2.2 Modulation Scheme

By referring to DVB-S (Digital Video Broadcasting - Satellite) [33], QPSK have
been commonly used for digital satellite communication but recently the channel

capacity has been growing larger and hence in DVB-S2, multi-level modulation
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schemes like 16APSK and 32APSK (Figure 8) have been adopted. Usually, such
modulation schemes are supposed to be used in high CNR and linear channel
condition, and it is difficult to transmit information without error in low CNR
and/or nonlinear affected channel. In such condition, modulation schemes like
QPSK that have tolerance to noise and nonlinear distortion have been adopted
to transmit information securely.

APSK is a modulation scheme which codes information with both amplifier
and phase of the signal. Therefore, its transmission error rate will be degraded
greatly by the nonlinearity of the channel. Another important fact is that unlike
PSK modulations, all symbol’s amplitude are not the same in APSK. Nonlinear
distortion that inner ring and outer ring of constellation receives differs (outer ring
receives larger distortion compared to the inner ring). From this, transmission
error rate will also differ by which signal constellation a modulation scheme uses.

Here, distance between each ring of the constellation is defined as [26]

M o= r2/rl, (13)
72 = r3/rlL (14)

Each values 71,7, are standardized in DVB-S2 and determined from system’s

coding rate.

5.3 Simulation Results and Discussion

In this section, proposed post-compensation scheme is adopted to practical satel-
lite system which uses 32APSK signal for transmission performance evaluation.

This research is about the nonlinearity so the satellite amplifier’s operation
level is very important parameter. In general, TWTA’s operating point can
be represented in forms of input backoff(IBO) or output backoff(OBO). In this
dissertation, IBO is used to determine the operation point. IBO and OBO are
defined by the following equations

2
IBO = —1Olog10%];)(|}, (15)
A7
E{|Arx|?
OBO = —101og10{|A?§X|}, (16)
O
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Figure 9. Channel Model of Nonlinear Satellite Channel for 32APSK Transmis-

sion with Nonlinearity Compensation

where Agrx, Arx are amplitude of satellite transponder’s input and output signal
respectively, and A;, Ap are the maximum amplitude of satellite transponder’s

input and output respectively. E{} is an averaging operation.

5.3.1 Simulation Model

Figure 9 shows transmission channel model for the simulation of the network
system. In this simulation, filters are not shown in Figure 9 (for example filters
for RF transmitter and receiver, frequency converter) are not concerned because
they have sufficiently wide frequency band. In this simulation, only the filters
which have effect on waveform transmission and nonlinearity compensation are
concerned. To decrease the thermal noise component, filter with the same fre-
quency band as satellite transponder’s filter (but different type) is inserted before
the nonlinearity compensator of the receiver.

Transmission characteristics are determined by AM/AM and AM/PM char-
acteristics of nonlinear component and filter’s bandwidth and out-of-band atten-
uation characteristic. Therefore in this section, each value on Table 1 is simulated
to find how the change in filter’s bandwidth and rolloff rate effect the nonlinearly

distorted signal and performance of compensator.
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Figure 10. Filter bandwidth of modem, satellite TX/RX, and earth station RX
filters

In Table 1, signal bandwidth is normalized to 1.0. If satellite and receiver’s
normalized bandwidth BW are increased, bandwidth of signal reception path
(from satellite TWTA to nonlinearity compensator) will be wider compared to
signal bandwidth. Then the deformation of the signal will be smaller and compen-

sator’s functionality will be better from the property of compensation algorithm
shown in Section 4.2.

Figure 10 shows the relationship between filter bandwidth used in modula-

tor/demodulator and transmission path. For satellite transponder’s transmis-
sion/reception filter, a 7th-order Chebyshev filter with 4 types of bandwidth is
concerned, and for modulator and demodulator’s filter, root cosine rolloff filter

with 4 types of rolloff rate is concerned (total of 16 combination of bandwidth
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Figure 11. A design of Chebyshev filter used in the satellite TX/RX filter (in
case of BW=1.3)

and rolloff rate). Chebyshev filter’s group delay is equalized with 10th-order
equalizer. When rolloff rate of mod/demod becomes larger, transmitted signal’s
amplitude variance will be smaller and effect of nonlinearity is expected to be
lesser. Figure 11 shows amplitude, delay, and phase characteristics of satellite’s
transmission /reception filter.

Besides filter characteristics, parameters «, § for nonlinearity characteristics
appear in Equation (10) and Equation (11) are chosen as shown in Table 1. Also,
radius parameters for 32APSK constellation used in the simulation are shown
in Table 1. These values are cited from parameter in related work [15] and
specification of DVB-S2 [34].
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Table 1. Simulation parameters for 32APSK transmission via nonlinear satellite

channel
Normalized
Bandwidth | Rolloff Factor
Name (BW) or Type
DEM RFIL 1.0 0.3,0.4
7th order
Chebyshev with
SAT TX FIL 1.1,1.2 10th order
Filters SAT RX FIL 1.3,14 delay equalizer
1.1,1.2,
EST RX FIL 1.3,14 Rg:0.2
Nonlinearity In Eq.(10)&(11)
Parameters a, =1.0,8, =0.25,ap = /12, 5, = 0.25
TWTA Input Backoff 3 — 30 dB (3dB step)
Nonlinearity Compensation with and without
32APSK Constellation v1 = 2.72,v, = 4.87
Oversampling factor 4
Number of Symbols 2,000,000

5.3.2 Transmission Characteristics

In this section, the degradation of nonlinear transmission path and performance
of proposed compensation scheme is evaluated by bit error rate and constellation
of received signal. Then from those results, the effectiveness of proposal scheme
is considered. From the limitation of space, not all figures of the result are listed
here. Only the figures that are needed to discuss the performance of proposal

scheme are listed.

Bit Error Rate Performance As shown in Table 1, 16 combinations of mod-
ulator/demodulator filter (MOD TFIL, DEM RFIL) and satellite transmission
path filter (SAT TX/RX, EST RX) are tested with and without nonlinearity

compensation by changing input backoff to measure signal’s bit error rate (BER)
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performance. White Gaussian noise is applied to 2,000,000 symbols (10,000,000
bits) of signal, enough number of samples, for BER measurement.

Here, the combination of filters are noted as (mod/demod filter’s rolloff rate
. satellite transmission path’s bandwidth). From the limitation of space, only
three cases Casel (0.1:1.1), Case2 (0.2:1.2), and Case3 (0.3:1.3) are shown in
Figure 12 — 14 respectively. Among those three cases, Casel has the worse BER
performance and least improvement of the compensation. In Casel, even with
enough backoff of IBO=18dB, BER floors around 10~*. The reason for this is
that in Casel, low rolloff rate causes large deformation of signal waveform which
leads to greater nonlinear distortion. Moreover, satellite bandwidth to signal
bandwidth rate is small which makes nonlinearity compensator’s input waveform
a lot different than TWTA output. It is easily inferable that both of these effects
lessen the compensation performance.

From simulation results of above 16 combinations, required CNR of achieving
BER = 107 at rolloff rate 0.1 and 0.3 are read off. In Figure 15 and 16 are
change of required CNR when varying satellite bandwidth over different TWTA
input backoffs at rolloff rate 0.1 and 0.3 respectively. The discontinuance of lines
on the figure means BER = 1073 could not achieved in such condition.

From both figures, the following facts can be said.

a) By choosing rolloff rate over 0.2 for modulator/demodulator filter, it is

possible to achieve large compensation effect in IBO above 9dB.

b) Satellite bandwidth should be more than 1.2 to achieve stable compensation.
(Thus, bandwidth usage efficiency should be below 1/1.2.)

As well in Figure 15 and 16, the BER floors even when system is linear at rolloff
rate of 0.1 and satellite bandwidth of 1.1, from the effect of filters with precipitous
attenuation band. Also, the BER characteristics of IBO=18dB with and without
compensation are nearly the same with linear case because in that region, the

system is very close to linear.

Improvement of Required CNR Next, from the BER data in Section 5.3.2,
required CNR to achieve BER = 107? when changing input backoff for two cases
(0.3:1.4) and (0.2:1.2), are shown in Figure 17. From the figure, it is obvious that
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Figure 12. BER Performance of 32APSK Signal through Nonlinear Channel with
and without Nonlinearity Compensation (Rolloff Rate 0.1, Bandwidth 1.1)

with IBO above 18dB, two lines of with compensation and without compensation
overlaps. This is because in IBO above 18dB, system is almost in the linear
region. Improvement can be seen in the region of IBO below 15dB and at IBO
10dB, approximately 2-3 dB of improvement can be seen from the figure. Also
without nonlinearity compensation, BER gets worse quickly below IBO 10dB and
breaks the system but with compensation, the system could be operated few dBs
lower than without compensation. However, irregular bump on the curve can be
seen with compensation below IBO 8dB region. This reason is concerned with

the evaluation of the constellation in the next Section 5.3.2.
Evaluation with Constellation In this section, the performance of nonlinear-

ity compensator is evaluated in another way, by the appearance of constellation.

Figure 18 shows signal constellation of three cases of TWTA input backoff of
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Figure 13. BER Performance of 32APSK Signal through Nonlinear Channel with
and without Nonlinearity Compensation (Rolloff Rate 0.2, Bandwidth 1.2)

6dB, 9dB and 12dB, each with and without nonlinearity compensation. (0.3:1.4)
is chosen as the combination of filters. Here, the thermal noise is not concerned.

From Figure 18, the effect of nonlinearity compensator could be confirmed
in strong nonlinearity condition of IBO 6dB, especially in inner two rings of the
constellation. Also, it is possible to know that the angle of the outer ring’s
constellation point is shifted by phase distortion of TWTA when there is no
compensation, but with compensation, the shift is resolved. Moreover, there are
certain improvement by the compensation even in linear system of IBO 12dB. As
noted in Equation (16), IBO is defined by average power and even when IBO is
12dB, the most outer ring of 32APSK constellation suffers from nonlinearity of
the TWTA. Moreover in IBO 6dB, the outer ring of the constellation is assumed
to be near the saturation level.

Then Figure 19 shows the constellation of received signal at IBO 9dB with
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Figure 14. BER Performance of 32APSK Signal through Nonlinear Channel with
and without Nonlinearity Compensation (Rolloff Rate 0.3, Bandwidth 1.3)

thermal noise added, for both cases of with and without nonlinearity compen-
sation. In the figure, it is possible to confirm the remarkable improvement by
nonlinearity compensator for inner two rings of constellation and same as above,
the most outer ring’s phase shift is been resolved. Though with compensation,
rarely the signal constellation of the outer ring has larger spreading than with-
out compensation. The reason for this is that the outer ring signal has smaller
backoff than average and receives more nonlinear distortion. When noise which
increases the amplitude is added to such signal, miss-compensation occurs and
the compensator will recover the amplitude and phase of the signal to the wrong
value.

From Figure 19, it is possible to say that compensation process which fixes
distorted signal vector to the original vector fully works from IBO 18dB (near

linear) to 10dB region. However in IBO below 10dB region, distortion of the
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outer ring signal increases alongside the effect of nonlinearity reaches the inner
ring signals and malfunction of nonlinearity compensator starts to appear. The
degradation stops once around IBO 8 - 6 dB, but below 5dB the signal variance

extremely increases and compensation function breaks down.

5.4 Conclusion

In this section, post-compensation scheme and its application to 32APSK satellite
communication has been proposed. Furthermore, the effect of proposed scheme
has been evaluated by software simulation and the bit error rate and required
CNR, constellation of received signal has been concerned. From the results, it
is possible to say that the post-compensation scheme has large improvement on

multi-level modulation network which is operated under high CNR condition.
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Moreover, the effect of proposed compensator greatly differs by how the system’s
filters are chosen.

The proposal scheme had difficulty of implementation by using analog circuits
but now using digital signal processing technologies, it is comparatively easy to
be implemented. Additionally, this scheme can be concluded in the receiver by
configuring nonlinearity characteristics of satellite TWTA so modulation schemes
that reduce PAR could be used together with proposal scheme to achieve higher
improvement. Moreover, this scheme is applicable not only to 32APSK but also
to various modulation schemes to improve receiver’s performance and to downsize
the antenna. In the next section, proposed nonlinearity compensation scheme is
adopted to another type of satellite system, carrier superposed satellite commu-

nication.
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6. Nonlinearity Compensation for Carrier Super-

posed Systems

6.1 Introduction

As demand for high speed, high quality image transmission increases, improve-
ment of frequency utilization efficiency becomes more and more important for
satellite communications. For such improvement, the carrier superposing tech-
nique has been proposed as an effective scheme [11, 36, 1].The modem which
implements carrier superposing technique is also available now([32]. In a carrier
superposing system, outbound signal (signal from the local station) and inbound
signal (signal from the remote station) uses the same frequency band, and from
this, the frequency efficiency can be doubled at maximum. Moreover, this tech-
nique can be applied to two major types of satellite communication systems [21],
point-to-multipoint (P-MP, also called as VSAT) network and point-to-point (P-
P) network [18]. Both outbound and inbound signals are transmitted on the same
frequency band, so the signal sent from the local station and bounces back to the
local station will be an undesired signal, interference on the desired signal sent
from the remote station. Therefore, an interference canceller, which removes sig-
nals transmitted from itself must be adopted at the receiver. Canceller generates
a replica signal that is very similar to undesired signal in all four perspectives,
timing, phase, waveform and amplitude, and subtracts replica signal from re-
ceived signal [4]. The key for this technique is how to generate highly similar
replica signal. When the replica signal generated by the canceller is highly simi-
lar to undesired signal, the output of canceller is nearly the desired signal, though
when the similarity falls down, the difference between undesired signal and replica
signal will be remaining noise and will degrade bit error rate (BER) performance
when demodulating desired signal [4].

The authors have proposed several interference cancellation and replica gen-
eration methods. For example, the authors proposed a method for measuring
the round trip time between the earth and satellite stations by making use of
matched filter [18]. They also proposed a method for generating replica signal by

demodulating undesired signal [21]. From these advances, a designing and con-
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structing method for canceller in practical condition has been established, and
the undesired signal suppression performance on a linear system was verified.
However, further research of authors has shown that when such canceller is used
in a system that operates Traveling Wave Tube Amplifier (TWTA) at nonlin-
ear region, to save the energy of satellite transponder, the performance degrades
seriously [37, 17, 16, 5, 6].

Generally, for systems with nonlinear amplifier, it is well known that BER
performance of a single carrier PSK/QAM system is degraded by amplitude dis-
tortion (AM-AM) and phase distortion (AM-PM) [7]. Many schemes have been
proposed to diminish the effect of nonlinearity and to compensate nonlinearity.
For example, transmitting signal with modulation method that has relatively
small change of the envelope like Offset QPSK is one of the most fundamental
way to lessen the effect of nonlinearity [23]. Additionally, there has been research
on the optimization of signal constellation for APSK multi-level modulation [20].

Moreover, many schemes have been proposed to compensate satellite’s non-
linearity [2, 38|, etc.. Ome type of compensation is pre-compensation, which
estimates the amount of satellite’s nonlinear distortion and apply reverse distor-
tion vector before transmitting the signal. Pre-compensation is a valid method
for broadcasting video signals [15]. However, this pre-compensation method is
only valid when satellite TWTA is operated with a single carrier. For carrier
superposing system concerned in this dissertation, signals are distorted based on
synthesized waveform of inbound and outbound signals. In this case, when focus-
ing on one signal, distortion that signal receives from nonlinear TWTA largely
varies by the interaction between the other signal’s amplitude and phase. There-
fore, compensation and nonlinear effect diminishing method for single carrier
systems cannot be applied to carrier superposed system, where multi-carriers
sent from each stations are synthesized. Especially, pre-compensation method at
the transmitter side is meaningless.

Recently, Kojima et al. have proposed pre-compensation method which re-
duces the effect of satellite’s nonlinear distortion by adding reverse distortion to
the sending signal at transmitter [15]. For carrier superposing system concerned
in this dissertation, interaction between each carrier emphasizes the amplitude

component and will enlarge the effect of nonlinear distortion. Therefore, the
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signal’s BER degradation will be larger than that of a single carrier transmis-
sion. Additionally, it is impossible to apply nonlinear effect diminish method
or nonlinearity pre-compensation method to carrier superposed system because
the composition of superposed signal is distorted by TWTA, not the individual
signals sent from each station.

From these backgrounds, authors have recently researched post-compensation
technique for improvement of transmission property on nonlinear system using
superposed signal. One of the ideas proposed previously [16, 5] is a method that
minimizes the difference between replica signal and undesired signal distorted
on satellite by giving same distortion to replica signal generated at the receiver.
However, this method is only valid when undesired wave’s power ratio is dominant
in received signal’s power, which is P-MP VSAT network. This dissertation
proposes a nonlinearity compensation method which is applicable to not only
P-MP systems but also to the system with any power ratio of outbound and
inbound, to compensate nonlinear distortion for a network like P-P.

The proposed scheme compensates distorted synthetic wave of desired and
undesired waves at the receiver, by distorting the whole received signal to the
reverse side of distortion that satellite’s TWTA gives. This scheme has the capa-
bility of removing distortion of both desired and undesired wave, which composes
received signal, at a same time. Previously, this type of process was very difficult
to be implemented on analog circuits. It becomes much easy due to recent year’s
advancement of digital signal processing technology. In our method, when satel-
lite TWTA and compensator are directly connected only with transmission path
loss, path will be linear, and distortion will be perfectly compensated in principle.
Contrarily, due to the filters between TWTA and receiver, and additive thermal
noise to receiving signal, estimation of each signal’s precise distortion amount
will be difficult, and the compensator will be disturbed. The difference between
actual distortion and estimated distortion becomes the degradation from ideal
value. This point is an important issue of this study for post-compensation.

In this research, obvious improvement is shown by simulating this environment
with software. In the simulation, signal is modulated with QPSK. On the other
hand, there is another problem that degradation of compensation performance

can be caused by the mismatch of satellite’s distortion vector and its reverse,
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compensation vector, just like when receiving signal level changed due to rain fall
attenuation. In the section, this level variance tolerance is also evaluated using the
simulator by changing the level in the range of assumed AGC (Automatic Gain
Control) level variance compression. These performance evaluations of compen-
sator are done with BER performance and constellation of desired signal before
and after it is compensated.

In addition, main focus of this section is verifying nonlinearity degradation of
superposed signal and evaluating proposed compensation scheme. From this, it
is possible to think the problem is in the transmission path, not in the interfer-
ence canceller. Therefore in the simulation, synchronization function of canceller,
which is already been verified in the previous paper [18], is assumed to operate

ideally.

6.2 Carrier Superposed Network with Nonlinear Compen-

sation
6.2.1 Carrier Superposed Network

Figure 4 in Section 2.2.3 shows P to P satellite communication system model used
in this research where two opposite carriers have the same level. In this figure,
the channel is setup between two earth stations A and B. Here we state the signal
carrier from station A to station B an outbound signal and signal carrier from
station B to station A an inbound signal.

In conventional satellite communication systems, outbound and inbound sig-
nals are transmitted on a different frequency band. In contrary, in carrier super-
posed system, those signals are superposed and transmitted on the same frequency
band. From this, either the outbound or inbound signal’s frequency band will be
free, and both carrier frequency can be twice as wide as before, which means dou-
bling the frequency band usage efficiency. To retrieve wanted signal from received
signal, unwanted signal, in this case self transmitted signal, which is superposed
on wanted signal must be cancelled out. This is done by subtracting the replica
of self transmitted signal from received signal.

In addition, each frequency band width and power of superposing signals

do not have to be the same. However, the total power of superposed signals
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must be configured under the consideration of maximum transponder power. For
example, the total power will be double if two signals with the same power and
same frequency band width are superposed, and under the condition of constant
power, the power of each carrier must be set 3dB lower than the original power.
As explained above, the nonlinearity compensation proposed in this paper also

intends to transmit superposed signals without lowering the power level.

6.2.2 Interference Canceller

Interference is cancelled by generating replica of unwanted signal and subtracting
it from received one [4, 18]. In Fig.20, two earth stations transmit signals, and
the signals to the right and left are denoted by S(t) and Ss(t), respectively.

7 : One round trip time Satellite

. Tx9 [|Inbound data

Outbound data i
AN Sa(t)

L 4

Modulator ¢ aSi1(t — 1)+ BS2(t — &) + z(¢t)
51 (t)

delay S1(t — T)l\
= » O] =

Sl(t) T

Canceller

Figure 20. Concept of interference canceller for superposed transmission.

Let us assume that the cancellation is performed at the earth station to the
left in the figure. Since both earth stations transmit the signal at the same
frequency, the received signal is the sum of S;(t) and Ss(t). The received signal
at the station r(¢) is given by:

r(t) = aSi(t — 1) + 55 (L = &) + (1), (17)
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where o and 7 are the round-trip propagation path loss and round-trip delay
between the station and the satellite, and § and & are the propagation path loss
and trip time between two earth stations via satellite. Further, z(¢) is an additive
white Gaussian noise (AWGN) component.

At the canceller, the transmitted signal, S;(t), is applied to the delay block
whose delay time is set to be the same as the round-trip delay, 7. The output
of the delay block S;(t — 7) is then fed to the variable gain amplifier to adjust
amplitude of the replica and the interference signal. If the adjustment is perfect,
the gain of the variable gain amplifier is set to be a. The output of the variable
gain amplifier is then subtracted from the received signal. The output of the

interference canceller u(t) is given by
u(t) =r(t) —aSi(t — 1) = BS2(t — &) + 2(t). (18)

From this equation, we can find that the interference signal, S;(t), is successfully
cancelled. In order to cancel the interference from the received signal, it is neces-
sary to estimate the round-trip delay of the received signal. Here, we have shown
that the accuracy affects the suppression performance of the canceller [4, 18].

It is also required to adjust the phase and amplitude of both outbound signal
and its replica signal. Our previous paper handles the solution to these require-
ments and has shown that they are performed by applying extended matched
filter with phase locked loop [18].

6.2.3 Problem of Interference Canceller in Nonlinear Channel

In satellite communications, transponder TWTA is preferable to be operated near
the saturated region in order to use its power efficiently fully. However, if used in
the saturated region, the signals amplified there suffer from the effects of inter-
modulation and distortion due to AM/AM and AM/PM properties. Figure 21
shows typical nonlinear characteristics of the TWTA used in ordinary commu-
nication satellite. In Fig.21, so called 1dB compression of the TWTA is about
9dB in IBO. So, we will define in this paper that the region of input backoff less
than 9dB is nonlinear and that more than 9dB is linear region. In the case of
carrier superposed system, two or more carriers are amplified together. Figure 22

shows an example of vector diagram of input and output signals through TWTA.
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When transmitting outbound signal vector is represented as S,,; and inbound
signal vector is represented as S;,, superposed signal vector can be represented
as S, and it will be the input of TWTA. TWTA output signal vector S, will be
shifted from S, based on amplitude and phase distortion.

If the power of outbound is large enough compared with inbound, the output
of TWTA will be almost the same as the TWTA output when only outbound
signal is input, so to cancel the interference, nonlinear distorted outbound must
be fed to the canceller. On the other hand, if the power of inbound is not
negligible compared with outbound as concerned in this study, TWTA output
will be different from nonlinear distorted outbound signal and this difference

causes interference if simply fed to the canceller.
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Figure 22. Signal vectors of TWTA input and output

6.3 Performance Evaluation
6.3.1 Simulation Model and Parameters

Figure 23 shows the block diagram of simulator. The purpose of this simulator
is to verify the performance of nonlinearity compensator. Therefore, the delay
tracking mechanism is not implemented in this simulation model. The upper
path in the figure represents the satellite signal path, and lower path represents
the replica signal path inside the earth station. To make the transfer function of
two paths equal, filters used in the satellite path are also inserted in replica path.
Nonlinearity compensator is inserted before the interference canceller to fix the
distortion that signal receives in TWTA. The root cosine roll-off filter is inserted
after transmitter’s modulator, TWTA, and before nonlinearity compensator, re-
ceiver’s demodulator. These filters suppress sideband signal and noises, and also
adjust symbol timing between replica signal path and satellite signal’ one.
Table 2 and 3 show the parameters for the simulation and the parameter for
TWTA nonlinearity, respectively. The bandwidth (BW) in Table 2 is normalized
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Figure 23. Block diagram of the simulator

by the symbol rate of the signal. The parameters in Table 3 are applied to the
nonlinear characteristics as shown in Fig.21. Generally, there is a certain amount
of variation in characteristics among each TWTA. Also, it depends on the number
of carriers amplified by the same amplifier. To determine ¢g~* and f in Fig.6, it
is possible to choose the parameters in Table 3 closest to the actual value by
acquiring nonlinear characteristics of TWTA from the operator of satellite. Here,
it is assumed that actual data of satellite TWTA has been acquired. Reverse

nonlinear characteristics can be accurately calculated by the data.

Table 2. Simulation Parameters

Modulation Method QPSK
IBW = 1.0
Modulator Transmit Filter k=0.35
BW =1.2
System Satellite Transmit Filter k=0.35
BW =1.2
Parameter Earth Station Receive Filter k=0.35
BW = 1.0
Demodulator Receive Filter k=0.35
Number of Symbol 200,000
Over Sampling Factor 4
Transmission || DUR (inbound/outbound ratio) 0dB
Channel Channel AWGN

' BW: Normalized bandwidth, k: Rolloff factor
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Table 3. Nonlinearity Parameters
Eq.(10) | Eq.(11)
ay | 1.0 | o | 7/12
Bz [ 0.25 || By | 0.25

6.3.2 Results and Discussions

The operating point of TWTA is determined by the input back-off (IBO) and/or
output back-off (OBO) as

E{|AOB + AIB|2}

A? '
E{|Asar|*}
A2 ’

IBO = —10log,, (19)

OBO = -10log, (20)
where E{} is an expected value which has meaning of averaging and A;p, Aog,
and Agar are amplitude of inbound, outbound, and transmitting signal from
satellite respectively; A? is the input power of the sum of outbound and inbound
signals which gives maximum power of TWTA, and A% is the maximum output
power of the TWTA.

Figure 24 shows bit error rate (BER) curve when changing input backoff.
Eight lines represent BER at input back-off (IBO) = 3,6,9,12dB each with com-
pensation and without compensation. It is shown that when IBO is small, which
means TWTA operation point is in nonlinear region, the difference of BER be-
tween compensated signal and non-compensated signal becomes larger.

Figure 25 shows degradation for each IBO with compensation and without
compensation. From this figure, it is obvious to know that when IBO is more
than 9dB, the channel characteristic becomes more linear and therefore the dif-
ference between using compensator and not using compensator becomes small.
Contrarily, the effect of proposed compensator can be easily confirmed at IBO
below 9dB which is nonlinear region. Therefore by adopting proposed scheme,
it is possible to transmit superposed signals under the condition of nonlinear re-

gion. When transmitting superposed signals, transmission power will increase
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Figure 24. Effect of changing input back-off on bit error rate of inbound signal

in exchange of having double frequency band efficiency at most. Convention-
ally, satellite transponder is operated with constant input power and in this case,
CNR is decreased because the power of each superposed carrier must be lowered
by 3dB compared to a single carrier transmission. By adopting proposed scheme,
it is possible to transmit the signals without lowering the power of each carrier
by using nonlinear region of the TWTA, of which operating point is 3dB higher
than single carrier transmission.

Next, the effect of rainfall attenuation is considered. The proposed compensa-
tion is performed under the condition that the signal is received within a range of
acceptable power level by which the total path from TWTA to the compensator
becomes linear. However, this condition cannot be satisfied if the received signal
level is changed by rainfall or some other reasons. Figure 26 shows the change of
BER when the TWTA output level (received signal level) is deviated by +6dB

from the determined normal value. Two lines in the figure represent the BER
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Figure 25. Degradation due to TWTA nonlinearity with and without compensa-
tion (Degradation of CNR from linear case to obtain BER 10~*dB)

change when centers are IBO = 8dB, CNR = 14.0dB and IBO = 10dB, CNR =
13.0dB. For both conditions, each of satellite transponder’s IBO value and chan-
nel’s CNR value are fixed. This result shows that when environment changes and
channel attenuation varies for £1dB, BER varies by a factor of 107, By using
AGC at the receiver input, the change of compensator input level due to the rain-
fall can be compressed within 1 (£0.5dB)dB or so. This means the degradation
due to the change of down link level can be acceptable.

Figure 27 and Figure 28 are QPSK constellation of received inbound signals
when IBO are 6dB and 12dB, respectively. Each figure shows the constellation
when both nonlinearity compensator is disabled and enabled. As explained above
for Fig.25, these figures show that the effect of compensator increases when IBO

is smaller, which means nonlinearity is larger.
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6.4 Conclusion

In this paper, a nonlinearity compensation scheme for carrier superposed point
to point (P-P) satellite communication system using interference canceller was
proposed. In order to show the effectiveness of the proposed scheme, a basic
software simulation is performed. The result of simulation shows that it is pos-
sible to reduce the degradation caused by nonlinearity of satellite TWTA. The
scheme is specifically effective to the system like carrier superposing in which the
satellite receiving power increases due to the signal superposing. This scheme
reduces the distortion of received signal vector, and it can be applied to not
only to superposed signals but also to single carrier communication systems and
conventional broadcasting signals. Previously, it was very challenging to operate
reverse-nonlinear calculation for all of the received signal in real-time, but now

the digital signal processing technologies have made it possible. The result also
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Figure 28. Constellation of received signal at CNR=o00 IBO=12dB

shows that BER degradation due to operating point mismatch when environment
condition changes like rainfall attenuation is about £1dB, which is acceptable.
For future work, we are planning to verify the performance of proposed non-
linearity compensator with multi-level modulation such as 32APSK (Amplitude
Phase Shift Keying) for more practical use in current satellite systems. In gen-
eral, multi-level modulation is used in high CNR condition, which means it is

more preferable to nonlinearity post-compensator.
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7. Optimization for Multi-level Modulation with
Low Input Backoff

7.1 Introduction

In Section 5, nonlinearity compensation scheme proposed in Section 4 is adopted
to multi-level modulated satellite system. It could be said from Figure 17 that in
the region of IBO below 10dB, the proposed compensator has a certain amount
of improvement. However, the improvement is diminished and staggered around
IBO 7dB due to miss-compensation caused by noise.

When multi-level modulated signal is compensated by the proposed scheme,
the effect of noise added to the signal varies among different amplitude level.
For low amplitude signals, the noise component will be compressed by proposed
nonlinearity compensator. On the other hand, for high amplitude signals, the
noise component will be emphasized by the compensator because of the reverse
nonlinearity characteristic of TWTA. This can be confirmed from Figure 19.
For the constellation of received signal without compensation, signals of all three
level, inner ring, middle ring, and outer ring, have about the same circle scattered
pattern. Contrarily, for constellation with compensation, signals with the smallest
amplitude have dense circle pattern, but signals with the largest amplitude have
obliquely stretched pattern which seems to be causing the degradation under low
IBO condition.

In this section, a nonlinearity post-compensation scheme is optimized for
multi-level modulation satellite system at low IBO. The purpose of this scheme is
to compensate TWTA nonlinearity of satellite transponder and also suppress the
noise emphasis of multi-level modulated signal under low IBO condition. This
section first explains the algorithm of enhanced post-compensation scheme and

then shows the result of simulation for performance evaluation.

7.2 Algorithm of Optimized Compensation

As mentioned in Section 4.2, the conversion equation of nonlinearity compensa-
tion is given by Equation (12). However, there are two points that this method

is not necessarily optimum for multi-level modulation under low IBO condition.
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Before applying this equation, received signal must be restored to the original
signal level because its amplitude is used for the compensation. If signals are
adjusted to the wrong level, this could cause miss-compensation for all signals.
Another point is that signal with largest amplitude of such condition can be near
saturation level. Therefore, the noise component of those signal can be largely
emphasized.

In this section, the above two concerns are dealt with, and algorithm which
is suitable for such condition is proposed. The first part explains a new method
of how to adjust received signal’s level closer to the transmitted signal. Second
part explains an optimized conversion equation for nonlinearity compensation

that suppresses the emphasis of the noise component in such condition.

7.2.1 Gain Adjustment for Multi-Level Modulation

Signal level changes by propagation loss, antenna gain, filter loss, additive noise,
and other elements in the channel. Though the amplitude information of received
signal is used to compensate nonlinearity of satellite TWTA and for accurate
compensation, the signal level of nonlinearity compensator’s input must be tuned
to an appropriate level, which is the output level of satellite amplifier in this case.

In the originally proposed scheme, the level of received signal is recovered by
adjusting the signal’s power to OBO level, which is expressed as Equation (16).
In this equation, Ary is calculated by substituting Arx to Equation (10). This
process is sufficient for modulation schemes with constant envelope like QPSK.
However, this does not match to the actual level of satellite transmitted signal if
signal’s amplitude has multiple level. This is because |Agx|* is an average power
of satellite amplifier’s input and Aryx derived from this value differs from actual
average power of satellite amplifier’s output.

For example, if IBO is 3dB and average satellite input signal is normalized
to 1.0, multi-level signal adopted at Section 5 will be as follows. The input
and output of satellite transponder will be (0.37:1.00:1.80) and (0.36:0.80:0.99),
where each value is the amplitude of (inner ring:middle ring:outer ring) of the
constellation, respectively (Here the maximum amplitude of input and output
are set to 2.0 and 1.0 respectively, same as simulation in Section 5.). Then the

average amplitude of input and output calculated from each signal’s amplitude
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and occurrence probability will be 1.41 and 0.86, respectively. Though, if the
average amplitude of satellite transponder is derived from average input 1.41 and
Equation (10), it will be 0.94. Generally, the difference between 0.94 and 0.86 has
no effect on the performance of compensator if the output of satellite TWTA is
directly fed to the compensator. Though for the calculation of AWGN (Additive
White Gaussian Noise), the output of satellite TWTA is normalized after derived
from Equation (10). Therefore, the difference between 0.94 and 0.86 becomes the
reason which caused the error in the original scheme and this difference will be
larger if IBO is set to a lower value. This problem is specific to the simulator
used in this dissertation because usually, the gain adjustment for compensator
will be done when the network is configured.

To avoid the error caused by above reason, another approach is proposed
here. If the receiver knows the IBO and constellation pattern of the transmitter,
then the following method can be adopted. First, the nonlinearity compensator
calculates the amplitude of each signal that is input to satellite amplifier by
reconstructing the signal from original APSK constellation and taking backoff to
it. In the case of 32APSK used in Section 5, three different amplitude values are
calculated from two radius rates v1,~2 for 32APSK constellation and IBO value
to take backoff from saturation level. Then the output of satellite amplifier for
each amplitude are calculated by Equation (10). Finally, the average power of
the output is calculated from constellation pattern and output amplitude of each
signal. This average power is used to recover the signal power of received signal
to the level that satellite transponder transmitted.

The process of above algorithm is shown in Figure 29. The meaning of this
process is to emulate the signal flow of transmitter and satellite transponder inside
the receiver to achieve the average power of satellite transmission signal. In this
way, more accurate average power for multi-level modulation could be estimated,

and nonlinearity compensation scheme explained next will be more effective.

7.2.2 Nonlinearity Compensation with Step Function

Even if the signal level is adjusted to where it should be, proposed nonlinear-
ity compensation scheme will emphasize the noise component when multi-level

modulated signal is sent with low IBO. Therefore in this section, more suitable

62



set IBO &
1,72

\4

Eq. (10)

/Set IBO/

A\

|

|

|

|

|

|

|

|

|

|

I

! A A

Eq. (10) : ot

: satellite output
|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

get OBO
as ave. power of
satellite output

Y

Calc.

Ave. Power

get ave. power of
satellite output

New

Previous

Figure 29. Flow chart of the original and a new level adjustment.

nonlinearity compensation algorithm is shown.

The example of the new compensation is shown in Figure 30. In the originally
proposed scheme, the amount of compensation is determined from the original
amplitude of the transmitted signal, which is derived from Equation (12). Instead
of using Equation (12), first in the preparation phase, amplitude of nonlinearly
distorted signal r*, amount of phase rotation p*, and the amplitude compression
rate g* are calculated for each amplitude of ideal signal. Next in nonlinearity
compensation phase, compensation is applied to the received signal according

to its amplitude. Range of amplitude splitted by borders b*  which contains the
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Figure 30. Example of new nonlinearity compensation with 32APSK.

amplitude of received signal is chosen, and nonlinearity compensation is processed
using g* and p* corresponding to the chosen range.

By using above scheme, the amount of compensation for both amplitude and
phase does not change when a certain amount of noise is added to the signal,
unless the noise is large enough to make received signal cross over the border
amplitude between another constellation level. This scheme can only be used
under the condition where the largest amplitude of the transmission signal does
not exceed the saturation level. If this exceeds, first and second largest amplitude

of nonlinearly distorted signal is closely located or they might switch places.

7.3 Simulation Results

Simulation results of the new compensation scheme is shown in this section. For

the simulation, model shown in Figure 9 and parameters shown in Table 1 is used
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as it is with only the replacement of nonlinearity compensator. Therefore, the
channel configuration is same as the simulation done in Section 5.

Here, for the simplicity of analysis, two types of simulation results are shown.
One is required CNR and the other is constellation. The BER performance is not
shown here because the enhancement of the new compensation algorithm could

be shown in terms of required CNR.

7.3.1 Improvement of Required CNR

34 — T T T : T
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Figure 31. Required C/N to obtain BER = 1072 as a function of Input Backoff
(IBO) for BW=1.4, Rolloff=0.3.

In this section, the performance of new nonlinearity compensator is evaluated
in the aspect of required CNR. Same as the original simulation, here required
CNR is defined as CNR to achieve BER = 1073 when changing input backoff.

Required CNR is achieved for three kinds of algorithm, original compensation
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Figure 32. Required C/N to obtain BER = 1072 as a function of Input Backoff
(IBO) for BW=1.2, Rolloff=0.2.

algorithm, original compensation with new gain adjustment, and new compensa-
tion algorithm, each with two filter configurations, which is shown in Figure 31
and 32, respectively.

From the figures, it is possible to say that gain adjustment and step function
improve the required CNR in all region of IBO. The bump that exists in original
compensation around IBO 7dB is flattened by using gain adjustment, and is
totally cleared by using new compensation algorithm. Moreover, when IBO is
extremely low, original compensation with gain adjustment gives better result
than new compensation. The reason for this is that when IBO is extremely low,
all signals will be included in noise emphasis region and step function will give

negative effect to it.
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7.3.2 Evaluation with Constellation

In this section, the performance of new compensation algorithm is evaluated by
the appearance of constellation. Figure 33 shows signal constellation of three
cases of TWTA input backoff of 3dB, 5dB and 7dB, each with gain adjustment
and new compensation algorithm. (Rolloff, BW)=(0.3 : 1.4) is chosen as the
combination of filters.

From Figure 33, it is possible to say that the outer constellation are spread
wider with only gain adjustment but by applying step function, the spreading
of outer constellation is lessen in all IBO region. However, for inner and middle
constellation, results with step function has round and larger spreading than
only with gain adjustment. This is because the negative effect explained in the
previous section. Also, there are slight phase rotation of outer constellation that

is not compensated enough with only gain adjustment.

7.4 Conclusion

In this section, originally proposed nonlinearity compensation scheme has been
optimized for multi-level modulation and two new algorithm, gain adjustment and
step function have been proposed. Furthermore, the effect of proposed scheme
has been evaluated by software simulation and the required CNR, constellation
of received signal has been concerned. From the results, it is possible to say
that new compensation scheme has large improvement on multi-level modulation
network under low IBO region. Moreover, by applying these schemes, multi-level
modulation system can be operated in lower IBO condition than with original

nonlinearity compensator.
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8. Conclusion

8.1 Summary and Conclusion

In this dissertation, a nonlinearity compensation scheme which compensates satel-
lite TWTA’s nonlinearity characteristics at the receiver side is proposed. Then
the compensation scheme is implemented to two typical satellite network systems
for performance evaluation. The two typical systems are multi-level modulation
network and carrier superposed network. The performance of proposed scheme
is confirmed by software simulation and the result has shown that in both net-
works, proposed compensation scheme has decreased the degradation of transmis-
sion performance caused by satellite TWTA’s nonlinearity characteristics. The
followings briefly explain the content of each section of this dissertation.

In Section 2, the fundamental of satellite communication is introduced. First
in Section 2, multiple configurations of satellite network system are introduced.
For more detail, multiple access, modulation, and network layout (P-P and P-
MP) are explained there. All of these network configurations are very important
and gives great impact on nonlinearity of the system. Then the problems of
current satellite communication are overviewed. Current satellite system has two
major issues, insufficiency of frequency band and transmission power. To resolve
these problems, nonlinearity of satellite transponder’s high power amplifier must
be dealt with.

In Section 3, nonlinear amplifiers, its mathematical models, and linearization
techniques are introduced. First in Section 3, two types of nonlinear amplifier,
TWTA and SSPA and their characteristics are explained. Then four models that
represent the above two amplifier’s nonlinearity characteristics are explained. In
this research, TWTA which is the most common HPA used in satellite transpon-
der, is selected to be used and therefore Saleh’s model is adopted as a nonlinearity
model. At last, four linearization techniques are detailed for comparison.

In Section 4, the algorithm of post-compensation scheme which is proposed in
this dissertation, is detailed. The idea of this scheme is to analyze the nonlinearity
characteristics of satellite TWTA and compensate distorted signal by adding
reverse nonlinear distortion of TWTA to the received signal. In this section, the

reverse characteristics of TWTA is derived from Saleh’s model, which is explained
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in the previous section. By using this scheme, it is possible to compensate the
nonlinearity of satellite channel in many types of satellite network with only
adding compensation circuit to the receiver. This scheme can also be used with
other nonlinearity compensation methods such as PAR reduction method.

In Section 5 and 6, the post-compensation scheme proposed in the previous
section is applied to two typical satellite networks for performance evaluation. In
Section 5, first, the proposed scheme is adopted to multi-level modulation net-
work. Multi-level modulation is widely used in current satellite communication to
improve the channel capacity of the network. However, this type of modulation is
used in high CNR condition and is easy for transmission quality to be degraded
by channel nonlinearity. In Section 6, post-compensation is adopted to carrier
superposed network. When carrier superposition is used with nonlinear chan-
nel, an inter-modulation interference occurs and transmission quality degrades
unless large backoff is taken. In both satellite networks, the proposed compensa-
tion scheme have improved the transmission performance even when amplifier is
operated in small backoff.

In Section 7, a compensation scheme is enhanced and optimized for low IBO
condition on multi-level modulated signals. Here, two new algorithm, gain ad-
justment and step function for multi-level modulation is proposed. Then these
two functions are applied to original multi-level modulation simulator for perfor-
mance evaluation. From the results, it is possible to confirm the improvement of

these two schemes in low IBO region.

8.2 Future Work

The future work for this research is as follows. First of all, all of the work in this
research is done with software simulation. Therefore, the results for the proposed
schemes are not completely verified yet, and the hardware implementation and
experiment must be done to completely show the effectiveness of these schemes.
This may be a hardware implementation using FPGA and field experiment using
actual satellite transponder with TWTA.

Secondly, for more improvement, not only the nonlinearity of satellite am-
plifier but also other components such as satellite’s filter might be the target

of compensation at the receiver. To accomplish this, effect of satellite’s filter
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and other component must be analyzed and a new filter distortion compensation
algorithm should be combined to current nonlinearity compensator.

Thirdly, author have been working on nonlinearity compensation on the re-
ceiver side, but another nonlinearity compensation scheme for transmitter side
can be applied together. There are many nonlinearity compensation schemes on
the transmitter side that is proposed for satellite communication. Methods like
PAR reduction can be combined to systems in this research.

In this research, the characteristics of channel distortion is assumed to be
well known. Though in some cases, these distortion characteristics might be
unknown or might dynamically change. To deal with these kinds of situations,
proposed compensation scheme must be upgraded to work without knowing these

characteristics.
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