
108 ECTI TRANSACTIONS ON COMPUTER AND INFORMATION TECHNOLOGY VOL.6, NO.2 November 2012

Proposal of QAM-OFDM System with IDAR
Method Designed for Satellite Channel

Pornpawit Boonsrimuang1 , Pisit Boonsrimuang2 ,

Tawil Paungma3 , and Hideo Kobayashi 4 , Non-members

ABSTRACT

The future satellite communication systems are
required to support the higher transmission data
rate for providing multimedia services by employ-
ing the efficient modulation method such as multi-
level QAM. However, the employment of conventional
single carrier transmission method with multi-level
QAM which has larger PAPR (Peak to Averaged
Power Ratio) would cause the fatal degradation of
signal quality due to the non-linear amplifiers lo-
cated at the earth station and satellite. To over-
come this problem, this paper proposes broadband
satellite communication systems by using the multi-
level QAM-OFDM technique with IDAR (Improved
Decision Aided Reconstruction) method, which is de-
signed for satellite channel. In the IDAR method, the
characteristics of non-linear amplifiers are required
to be known at the receiver for mitigating the inter-
modulation noise. This paper also proposes the esti-
mation method for AM-AM and AM-PM conversion
characteristics of non-linear amplifiers by using low
PAPR preamble symbols. The various computer sim-
ulations are conducted in this paper to verify the ef-
fectiveness of proposed system in the non-linear satel-
lite channel.

Keywords: OFDM, Satellite, Non-Linear Amplifier,
IDAR, PAPR

1. INTRODUCTION

The future satellite communications including the
fixed, mobile and broadcasting systems are required
to support the higher transmission data rate for pro-
viding the multimedia services, which are already
available in the terrestrial network [1]-[7]. To real-
ize the higher data rate transmission in the satellite
channel, it is requested to employ the efficient modu-
lation method such as multi-level QAM. However, the
employment of conventional single carrier transmis-
sion method with multi-level QAM which has larger
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PAPR would cause the fatal degradation of signal
quality due to the inter-modulation noise incurred
at the non-linear amplifiers located at the transmit
earth station and satellite [9]-[14]. From this reason,
the modulation method used in the current satellite
communications is usually limited by low transmis-
sion data rate of using QPSK method, which has the
robustness to the non-linear distortion fairly because
of its better PAPR performance as compared with
that for the multi-level QAM modulation method.

On the other hand, the Orthogonal Frequency Di-
vision Multiplexing (OFDM) technique has been re-
ceived a lot of attentions especially in the field of
terrestrial wireless communications because of its effi-
cient usage of frequency bandwidth, robustness to the
multi-path fading and enabling the employment of
multi-level QAM with less complexity of receiver[15]-
[19]. One of the disadvantages of using the OFDM
signal is that its time domain signal has the larger
PAPR, which causes the degradation of BER per-
formance in the non-linear amplifier. From this rea-
son, the OFDM has been considered as unsuitable
transmission technique for the satellite channel al-
though it has a potential capability to improve the
transmission data rate by employing the multi-level
QAM with less complexity structures of transmitter
and receiver. To solve the problem of performance
degradation due to the non-linear distortion for the
OFDM signal, we have already proposed the OFDM
technique with IDAR method designed for terrestrial
wireless communication systems, which includes one
non-linear amplifier at the transmitter such as wire-
less LAN system [20]. The proposed IDAR method
can mitigate the non-linear distortion by using the
decision data at the receiver and achieve the higher
transmission data rate with keeping the better BER
performance even in the non-linear channel. In the
IDAR method, however the input and output rela-
tionships of non-linear amplifier characteristics are
required at the receiver. The evaluation of proposed
OFDM-IDAR method in [20] was assumed that the
ideal input and output relationships of amplifier char-
acteristics are known at the receiver.

In this paper, we propose the broadband satellite
communication systems by using multi-level QAM-
OFDM technique with IDAR method designed for
the non-linear satellite channel, which includes two
non-linear amplifiers located at the transmit earth
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station and satellite[20]-[21]. The proposed method
could achieve the higher transmission data rate in
the non-linear satellite channel with keeping the bet-
ter BER performance than that for the conventional
single carrier transmission technique of using multi-
level QAM method. This paper also proposes the es-
timation method for non-linear amplifier character-
istics, which is required for the IDAR method, by
using the low PAPR preamble symbols inserted at
the start of every frame. The proposed estimation
method for non-linear amplifier characteristics could
achieve the better accuracy even when the charac-
teristics of non-linear amplifiers located at the earth
station and satellite are changed frequently due to the
aging or operation environments.

In this paper, Section 2 firstly presents the satel-
lite system model. Section 3 proposes the OFDM-
IDAR method designed for satellite channel, and Sec-
tion 4 proposes the estimation method of non-linear
amplifier characteristics, which are required in the
IDAR method. Section 5 presents the various com-
puter simulation results to verify the effectiveness of
OFDM-IDAR technique with the proposed estima-
tion method, and Section 6 draws some conclusions.

2. SATELLITE SYSTEM MODEL

Figure 1 shows the typical satellite system model
assumed in the following evaluations. The non-linear
amplifier located at the earth station is assumed by
the Solid State Power Amplifier (SSPA), which is
modeled by Rapp [22]. The AM-AM and AM-PM
conversion characteristics of SSPA modeled by Rapp
are given by the following equations, respectively.

FE(ρ) =
vρ[

1 + ( vρ
A0

)2p
]1/2p (1)

ΦE(ρ) = αϕ

(
vρ

A0

)
(2)

where, FE(ρ) and ΦE(ρ) show the AM-AM and AM-
PM conversion characteristics of SSPA, respectively,
and ρ is the amplitude of input signal, v is the gain
factor, is the saturated output level, A0 is the param-
eter to decide the non-linear level and p is phase dis-
placement. In the following evaluations, the values for
these parameters are assumed by A0 = 1, v = 1, p = 6
and αϕ = 0.01 which can approximate the standard
characteristics of SSPA.

The output signal of SSPA, which corresponds to
the uplink signal in the radio frequency, can be given
by the following equation.

Sup(t) = FE [|s(t)|] ej{arg[s(t)]+ΦE [|s(t)|]} (3)

where, s(t) is the OFDM signal at the input of earth
station amplifier SSPA. The signal given by (3) is
transmitted to the satellite and then input to the

satellite non-linear amplifier after converting from the
uplink to down link radio frequency. The non-linear
amplifier located at the satellite station is assumed by
the Traveling Wave Tube Power Amplifier (TWTA),
which is modeled by Saleh [23]. The AM-AM and
AM-PM conversion characteristics of TWTA mod-
eled by Saleh are given by the following equations,
respectively.

Fs(γ) =
αaγ

(1 + βaγ2)
(4)

Φs(γ) =
αθγ

2

(1 + βθγ2)
(5)

where, γ is the amplitude of input signal, αa and βa

are the parameters to decide the non-linear level of
power amplifier, and αa and βa are phase displace-
ments. The values for these parameters are assumed
by αa = 2, βa = 1, αθ = 2 and βθ = 1 which can
approximate the standard TWTA.

Figure 2 shows the input and output relationships
of AM-AM and AM-PM conversion characteristics
for both SSPA and TWTA when the parameters are
given by the above values. In this paper, we as-
sume the higher non-linearity for the satellite ampli-
fier (TWTA) than that for the earth station amplifier
(SSPA) as shown in Fig.2. By using (3), the output
signal of TWTA, which corresponds to the downlink
signal in the radio frequency, is given by the following
equation.

Sdw(t) = Fs [|sup(t)|] ej{arg[sup(t)]+Φs[|sup(t)|]} (6)

The output signal of TWTA given in (6) includes
the inter-modulation noises incurred at the SSPA and
TWTA.

Fig.1: Satellite system model.

3. SATELLITE SYSTEM MODEL

This paper proposes OFDM-IDAR method de-
signed for satellite channel, which included two high
non-linear amplifiers located at the transmit earth
station and satellite. To apply the OFDM technique
to non-linear satellite channel, it is requested to mit-
igate the non-linear distortion occurred at the trans-
mit earth station and satellite. The OFDM-IDAR
method proposed in this section could compensate
the non-linear distortion at the receiver by using the
feature of OFDM signal in the time and frequency
domains.
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Fig.2: Input and output relationships for SSPA and
TWTA.

Figure 3 shows the structure of receiver for the
proposed OFDM-IDAR method designed for satellite
channel. The received downlink radio frequency sig-
nal affected by the non-linear amplifiers at the trans-
mit earth station and satellite amplifiers is given by
the following equation.

r(t) = sdw(t) + w(t) (7)

where, sdw(t) is the downlink signal given in (6), and
w(t) is the additive white Gaussian noise (AWGN).
The received RF signal r(t) is first down converted
(D/C) to the base band signal and digitized by A/D
converter. The time domain sampled signal r′(m, k)
after compensating the phase rotation due to the AM-
PM conversions of SSPA and TWTA and removing
the OFDM guard interval (GI), can be expressed by
the following equation.

r′(m, k) = r(m, k) · e−jΦc
ref

= s(m, k) + i(m, k) + w(m, k)
(8)

where, s(m, k), i(m, k) and w(m, k) represent the
original signal, composite inter-modulation noises in-
curred at the SSPA and TWTA, and AWGN on the
k-th time domain sampled signal of m-th OFDM sym-
bol, respectively. The phase rotation of Φc

ref due to
the SSPA and TWTA at the operation points that
is input back-off (IBO) can be estimated by using
the low PAPR preamble symbols of which estimation
method is proposed in Section 4.

The received time domain sampled signal given (8)
is converted to the frequency domain signal by FFT,
which is given by the following equation.

R′(m,n) = S(m,n) + I(m,n) +W (m,n) (9)

In (9), the capital letter represents the frequency
domain signal on n-th subcarrier ofm-th OFDM sym-
bol, which corresponds to its small letter given by (8)
in the time domain. By using (9), the decision for

the information data Ŝ(m,n) can be made for each
sub-carrier in the frequency domain.

In the IDAR method, the time domain signal
Ŝ(m, k), which is converted from the above decision

data Ŝ(m,n) in the frequency domain, is used for
the reconstruction of inter-modulation noise. This is
based on the fact that the OFDM time domain signal
converted from the decision data in the frequency do-
main, which includes even some decision errors, would
be almost the same as the original time domain signal
without error.

The decision data Ŝ(m,n) in the frequency domain
can be expressed by the following equation.

Ŝ(m,n) = S(m,n) + F (m,n) (10)

where F (m,n) is the decision error, which can be
expressed by the following equation.

F (m,n)=

{
0 ifŜ(m,n) = S(m,n)

Ŝ(m,n)−S(m,n) ifŜ(m,n) ̸= S(m,n)
(11)

The time domain signal, which is converted from
the frequency domain signal of (10), is given by the
following equation.

ŝ(m, k) =
N−1∑
n=0

Ŝ(m,n) · ej 2πnk
N

=
N−1∑
n=0

S(m,n) · ej 2πnk
N +

N−1∑
n=0

F (m,n) · ej 2πnk
N

= sm, k + f(m, k)
(12)

where, s(m, k) shows the original time domain signal
without decision error and f(m, k) shows the time
domain signal for the decision error occurred in the
frequency domain. From (12), it can be seen that
the decision error occurred in the frequency domain is
spread over the N sample time domain signal and level
of f(m, k) would be relatively small as compared with
s(m, k). From this fact, it can be concluded that the
time domain signal ŝ(m, k) which is converted from

the frequency domain signal Ŝ(m, k) including deci-
sion error, can be approximated by the original signal
s(m, k). Figure 4 (b) shows an example of relation-
ships between s(m, k) and ŝ(m, k) when the number
of decision errors occurred in the frequency domain
is 5 as shown in Fig. 4 (a). From Fig.4 (b), it can be
observed that the time domain signal for the decision
error is much smaller then the original signal and the
time domain signal ŝ(m, k) , which included 5 decision
errors in the frequency domain is almost the same as
the original signal without decision error. From this
fact, the inter-modulation noise can be reconstructed
in the time domain by using the decision data even
including error in the frequency domain.
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Fig.3: Structure of proposed OFDM-IDAR receiver.

In the reconstruction of inter-modulation noise,
the operation of non-linear amplifier is performed
to the time domain signal, which is converted from
the decision data in the frequency domain. Here,
it should be noted that the operations of non-linear
amplifiers in the IDAR method are performed on
the digital sampled data by assuming the same AM-
AM and AM-PM conversion characteristics as that
operated in the radio frequency at the earth sta-
tion (SSPA) and satellite (TWTA). The estimation
method for non-linear amplifiers characteristics of
SSPA and TWTA is proposed in Section 4. The time
domain signal at the output of AMP as shown in Fig.3
is given by the following equation.

r′(m, k) = r(m, k) · ejΦ
c
ref

= s(m, k) + i(m, k) + w(m, k)
(13)

where, ŝ(m, k) is the time domain signal converted
from the frequency domain decision data ŝ(m,n), and
Fp and ΦP are the AM-AM and AM-PM conversion
characteristics for AMP which is the composite char-
acteristics of SSPA and TWTA. By using (13), the
inter-modulation noises incurred at the SSPA and
TWTA could be estimated by the following equation.

ê(m, k) = ŝdw(m, k) · e−jΦc
ref − ŝ(m, k)

≈ ŝ(m, k) + î(m, k)− ŝ(m, k)

≈ î(m, k)

(14)

where, the phase rotation of Φc
ref due to SSPA and

TWTA is given in Section 4. The inter-modulation
noise given by (14) is then converted to the fre-
quency domain signal by FFT. By subtracting the
reconstructed inter-modulation noise Ê(m,n) in the
frequency domain from (9) as shown in Fig. 3,
the frequency domain signal coped with the inter-
modulation noise can be obtained by the following
equation.

R̂(m,n) = R′(m,n)− Ê(m,n)

= S(m,n) +
{
I(m,n)− Î(m,n)

}
+W (m,n)

≈ S(m,n) +W (m,n)
(15)

If the BER performance for the decision data on
(15) is better than that for (9), the BER performance
could be improved further by repeating the above pro-
cedures from (9) to (15).

4. ESTIMATION METHOD OF NON-LINEAR
AMPLIFIER

In the OFDM-IDAR method proposed in Section
3, it is required for the input and output relation-
ships of AMP, which includes the output power as
a function of input power (AM-AM) and the output
phase as a function of input power (AM-PM). These
AM-AM and AM-PM conversion characteristics are
also required to update at the receiver frequently be-
cause they may be changed due to the aging or the
operation environments of earth station and satellite.
The actual operation point (IBO: Input Back off) of
satellite TWTA would be also changed because the
signal power in the uplink would be fluctuated due to
the rain attenuation.

The non-linear amplifier characteristics are usually
measured by changing the power level of continuous
waves (pure tone signal), of which signal envelope is
the constant in the time domain. However, the pure
tone signal has the line spectrum at the operating
radio frequency with larger power level and this line
spectrum would cause very large co-channel interfer-
ence to other satellite systems employing the same
frequency band.

Taking into account these conditions, we propose
the estimation method for characteristics of non-
linear amplifiers by using low PAPR preamble sym-
bols. Fig. 5 shows the proposed frame structure for
the estimation of non-linear amplifier, which consists
of K low PAPR preamble symbols and L data sym-
bols. As shown in Fig.5, K low PAPR preamble sym-
bols with increasing their power levels are transmit-
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Fig.4: Decision error signal in frequency and time domains.

ted to the receive earth station before transmitting
the data symbols.

Fig.5: Structure of proposed frame format.

In the generation of low PAPR preamble symbol,
we employed the time-frequency domain-swapping al-
gorithm [18], which can optimize the phase value for
each OFDM sub-carrier so as to minimize the PAPR.
In the optimization of phase value for preamble sym-
bol, the amplitude of all sub-carriers in the pream-
ble symbol is kept by the constant value. From this
fact, the frequency spectrum of low PAPR preamble
symbol becomes flat over the whole allocated band-
width. Fig. 6 shows an example of time domain sig-
nals both for low PAPR preamble symbol and con-
ventional OFDM symbol. From the figure, it can be
observed that the low PAPR preamble symbol has the
similar feature of pure tone signal with the constant
envelope in the time domain, while its frequency spec-
trum density is flat over the whole occupied band-
width. From these features of low PAPR preamble
symbol, it is possible to measure the input and out-
put relationships of non-linear amplifier precisely and
not to interfere to other systems using the same fre-
quency band.

From the proposed frame structure as shown in
Fig.5, it can be seen that the power levels of preamble
symbols has the certain dynamic range at the center
of reference preamble symbol of which power level
is taken as the same as that for the data symbols.
Therefore, the relative non-linear amplifier charac-
teristics, which are normalized by the power level of
reference preamble symbol can be estimated by mea-
suring the received power level and phase difference

Fig.6: Envelope of preamble symbol in the time do-
main.

of received low PAPR preamble symbols.

4.1 Estimation of AM-AM Conversion Char-
acteristics

The input power level for the composite non-linear
amplifier can be expressed in the values relative to
the transmission power level of reference preamble
symbol as shown in Fig.5, because the relative trans-
mission power levels between the preamble symbols
are known at the receiver. If the input power level
of reference preamble symbol is assumed by 0dB, the
relative input power levels for all preamble symbols
can be given by the following equation.

P input
m = 10log10

(
P t
m

P t
ref

)
(m = 1 ∼ K) (16)

where, P t
m and P t

ref are the transmission power
levels at the m-th preamble symbol and reference
preamble symbol, respectively. The output power
level as a function of input power level given by (16)
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can be estimated by measuring the received power
level for the preamble symbols at the receive earth
station. The received power level for the preamble
symbol m can be measured in the time domain by
using the following equation.

P r
m =

1

N

N−1∑
k=0

|r(m, k)|2 (17)

where, N is the number of sample points in one
OFDM symbol. By using the all measured power lev-
els for preamble symbols, the preamble symbol with
the maximum power level can be detected by the fol-
lowing equation.

P r
max = Max

m=1∼K
[P r

m] (18)

By using (18), the relative output power level of
composite AMP at the corresponding relative input
power level of (16) can be given by the following equa-
tion.

P output
m = 10 log10

(
P r
m

P r
max

)
(m = 1 ∼ K) (19)

By using (16) and (19), the relative combined AM-
AM conversion characteristics for SSPA and TWTA
can be estimated as a function of the input power
levels for K preamble symbols. The AM-AM conver-
sion characteristics between measurement results of
two consecutive preamble symbols can be estimated
by using the interpolation method.

4.2 Estimation of AM-PM Conversion Char-
acteristics

The output phase as a function of input power
level (AM-PM) for the composite characteristics of
SSPA and TWTA can be estimated by measuring
the phase differences in the frequency domain be-
tween the transmitted and received sub-carriers for
the preamble symbols. The received preamble symbol
in the frequency domain can be given by the following
equation.

R(m,n) = S(m,n) · ej{ΦE(
√

P e
m)+ΦS(

√
P s

m)} (20)

where, S(m,n) is the transmitted data on n-th sub-
carrier of m-th symbol, P e

m and P s
m are power lev-

els of m-th preamble symbol at the input of SSPA
and TWTA, respectively. Since the transmitted data
S(m,n) in the preamble symbols are known at the re-
ceiver, the averaged phase rotation due to both SSPA
and TWTA can be estimated by the following equa-
tion.

Φc
m =

1

N

N−1∑
n=0

arg

[
R(m,n)

S(m,n)

]
= ΦE

(√
P e
m

)
+ΦS

(√
P s
m

) (21)

By using (16) and (21), the output phase as a
function of input power level (AM-PM) can be esti-
mated for the composite characteristics of SSPA and
TWTA. The AM-PM conversion characteristics be-
tween two measurement results of two consecutive
preamble symbols can be estimated by using the in-
terpolation method.

The averaged phase rotation obtained at the refer-
ence preamble symbol will be used for the compensa-
tion of phase rotation for the data symbols as used in
(8) and (14), because the averaged power level of ref-
erence preamble symbol is taken as the same as that
for the data symbols as shown in Fig.5.

The required dynamic range of power level between
the first and K-th preamble symbols can be decided
on the basis of averaged power level of transmission
data symbol and possible dynamic range of power
level for OFDM data symbol in the time domain.
The dynamic range of power level for OFDM signal is
usually around 30dB from -20dB to 10dB at the cen-
ter of averaged power level of 0dB. From these facts,
the required dynamic range of power level over the
preamble symbols can be set from -10dB to +10dB
in which the power level of reference symbol is set
by 0dB. Here, the input and output relationships of
non-linear amplifier from -20dB to -10dB can be es-
timated precisely by using the extrapolation method,
because these regions of non-linear amplifier can be
assumed as the linear characteristics.

Figure 7 shows the actual and estimated input and
output relationships of non-linear amplifier character-
istics when the input power level of reference pream-
ble symbol is -4dB. Here, the input level of refer-
ence preamble symbol is corresponding to the IBO of
data symbols. To simplify the explanation, the non-
linear amplifier is assumed only to use TWTA. From
Fig.7 (a), it can be seen that the input level of non-
linear amplifier for 11 low PAPR preamble symbols
is changed from -14dB to 6dB by 2dB step at the
center of reference preamble symbol of which level
is -4dB. By using the proposed estimation method
described above, the estimated input and output re-
lationships of non-linear amplifier characteristics can
be given as shown in Fig.7 (b). In Fig.7 (b), it should
be noted that the estimated characteristics of non-
linear amplifier is obtained only by the relative in-
put and output relationships, which is normalized by
the power level of reference preamble symbol. Since
the inter-modulation noise is reconstructed by using
the decision data, which has the same power level
as the reference preamble symbol, the relative input
and output relationships of non-linear amplifier can
be used in the IDAR method as described in the pre-
vious section.

By using the proposed estimation method, the
higher estimation accuracy can be achieved even
when the characteristics of non-linear amplifiers lo-
cated at the earth station and satellite are changed
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frequently due to the aging or operation environ-
ments including the uplink rain attenuation, be-
cause the characteristics of non-linear amplifier can
be estimated every frame by using the low PAPR
preamble symbols. The accuracy of proposed estima-
tion method with the interpolation and extrapolation
methods would depend on the number of employed
preamble symbols and power allocation method of
preamble symbols over K preamble symbols. The de-
tailed evaluation on the estimation accuracy of pro-
posed estimation method is presented in the next sec-
tion.

Fig.7: Schematic figure of proposed estimation
method.

5. PERFORMANCE EVALUATIONS

This section presents the various computer simu-
lation results to verify the performance of OFDM-
IDAR method with the proposed estimation method.
Table 1 shows the simulation parameters to be used in
the following evaluations. The modulation method is
assumed by 16QAM with coherent detection method
and the channel model is AWGN channel, which cor-
responds to the fixed and broadcasting satellite sys-
tems. The achievable transmission data rate for the
proposed OFDM-IDAR method is 90.1Mbit/s by us-
ing the frequency bandwidth 25MHz out of 27MHz

which is taken into account the interference to to
adjacent channel. In the table, the parameters for
conventional single carrier (SC) transmission with
16QAM are also shown as the purpose of compari-
son with the proposed OFDM-IDAR method. The
frame length for the proposed method is assumed by
22.73ms including 11 low PAPR preamble symbols
and 1000 data symbols. Assuming this frame struc-
ture, the non-linear amplifier characteristics both for
SSPA and TWTA can be estimated every 22.73ms,
which would be enough small cycle to cope with the
fluctuation of amplifier characteristics due to the ag-
ing or operation conditions including the rain atten-
uation in the uplink.

Table 1: Complexity (per bit) of different iterative
timing recovery schemes.

Allocated occupied bandwidth 26MHz
Modulation method 16QAM
Earth station amplifier SSPA
Satellite amplifier TWTA
Conventional Single Carrier Transmission (SC) Method
Number of sample points/data symbol 4
Number of data symbols / frame 128
Type of Tx and Rx filters Root Nyquist
Roll-off factor 0.4
Transmission data rate 104 Mbit/s

Proposed OFDM-IDAR Method
Number of FFT points 512
Number of sub-carriers 128
Symbol duration 4.92 us
Guard interval 0.1 us
Number of preamble symbols / frame 11
Number of data symbols / frame 1000
Frame duration 5.08 ms
Transmission data rate 100.8 Mbit/s

5.1 Accuracy of Proposed Estimation Method

The estimation accuracy for the characteristics of
composite AMP would be much dependent on the
design of low PAPR preamble symbols including the
number of preamble symbols and power allocation
method for them. Table 2 shows three cases of pream-
ble symbol designs for the evaluation of proposed es-
timation method. All cases are taken by 20dB as the
dynamic range from -10dB to 10dB. The number of
preamble symbols for Cases 1, 2 and 3 are taken by
21, 11 and 5, respectively. In Table 2, the Ideal means
that the characteristics of non-linear amplifiers both
for SSPA and TWTA are given by equations (1), (2),
(4) and (5). Table 2 shows the computer simulation
results on the required C/N to achieve BER=10−4 for
all cases. In the simulation, only the downlink noise
(C/N)dw is considered as 20dB and IBO for the earth
station SSPA and satellite TWTA are taken by -3dB
and -4dB, respectively. From the table, it can be ob-
served that Cases 1 and 2 show the same required
C/N to achieve BER=10-4 with 1.2dB degradation
from the Ideal case, although the number of preamble
symbols for Case 1 is larger than that for Case 2 by al-
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most 2 times. Case 3 with fewer number of preamble
symbols shows 2.8dB degradation from the Ideal case.
From these results, it can be concluded that Case 2
using 11 preamble symbols of which power levels are
increasing by 2 dB step from -10dB to +10dB is the
best design for preamble symbols. In the following
evaluation, Case 2 is used for the estimation of com-
posite characteristics of AMP.

Figures 8 (a) and (b) show the estimated compos-
ite characteristics of AMP when IBO of SSPA is taken
by -3dB and -10dB, respectively. In the simulation,
Case 2 is used as the preamble design, and the down-
link (C/N)dw is 20dB. The ideal characteristics of
composite AMP when using the equations are also
shown in the figures. From the figure, it can be ob-
served that proposed method can estimate almost the
same AMP characteristics as the Ideal case. Here it
should be noted that the composite characteristics of
AMP shown in Fig.7 (b) is almost the same as that
for the satellite amplifier of TWTA when the IBO of
earth station amplifier of SSPA is -10dB. This fact
is come from that the non-linear characteristics of
SSPA can be considered as the linear because of tak-
ing enough IBO at the transmit earth station.

Figure 9 shows the BER performances of OFDM-
IDAR with proposed estimation method when chang-
ing the number of iterations of IDAR method. In the
figure, BER performance when assuming the ideal
characteristics of SSPA and TWTA are also shown
as comparing with the proposed estimation method
using Case 2. The IBO for the SSPA and TWTA are
taken by -3dB and -4dB, respectively. From the fig-
ure, it can be observed that the BER performance of
OFDM-IDAR with the proposed estimation method
is slightly degraded as compared with the ideal case.
It can be also observed that the BER performances
for the proposed methods at (C/N)dw =20dB are con-
verged when the number of iterations is taken larger
than 6. From these results, the following simulations
for OFDM-IDAR method are assumed to use 6 as the
iteration number for the IDAR method.

Table 2: List of power allocation methods.
Power allocation of preamble No. of Required

symbols preamble C/N at

symbols BER=10−4

Ideal NA NA 19 dB

Case 1 -10dB to +10dB by 1dB step 21 20.2 dB

Case 2 -10dB to +10dB by 2dB step 11 20.2 dB

Case 3 -10dB to +10dB by 5dB step 5 21.8 dB

Figure 10 shows the BER performances at the
downlink (C/N)dw=20dB both for the conventional
SC transmission method and OFDM-IDAR method
when changing IBO of satellite TWTA. The IBO of
transmit earth station SSPA is fixed by -3dB. In the
figure, BER performances when assuming the ideal
characteristics of SSPA and TWTA for IDAR method
are also shown.

Here, the downlink (C/N)dw is defined by using the
desired signal power at the output of satellite TWTA

of which IBO is 0dB. In this definition of (C/N)dw ,
the actual received C/N at the receive earth station
would be changed from the given (C/N)dw according
to the IBO of TWTA. The power of inter-modulation
noise could be improved as decreasing IBO of TWTA
while the desired signal power at the output of TWTA
would be reduced. In other words, there is the trade-
off between the inter-modulation noise power and the
desired signal power according to the value of TWTA
IBO. Therefore, the best BER performance could be
achieved at the optimum value of TWTA IBO, which
is compromised of them. The definition of C/N as-
sumed here is based on the actual satellite commu-
nications systems, which are taken into account the
desired signal power at the output of non-linear am-
plifier, and can evaluate the usage of power efficiency
of non-linear amplifier.

From the figure, it can be observed that the
OFDM-IDAR with proposed estimation method has
the optimum TWTA IBO at -4dB, which can achieve
the best BER performance, while the optimum
TWTA IBO for the conventional SC transmission
method is around -8dB. It can be also seen that
the proposed method at the optimum TWTA IBO
shows much better BER performance than that for
the conventional SC method. In other words, the
proposed OFDM-IDAR method can operate at the
higher TWTA IBO with keeping the better BER per-
formance than that for the conventional SC modula-
tion method. From these results, it can be concluded
that the proposed OFDM-IDAR method can achieve
the higher usage of non-linear amplifier with keeping
the better BER performance.

Figure 11 shows the BER performances both
for the conventional SC and OFDM-IDAR methods
when changing the downlink (C/N)dw. In the sim-
ulation, the optimum IBO for satellite TWTA are
taken by -4dB and -8dB for the proposed and con-
ventional SC methods, respectively based on the re-
sults of Fig.10. The IBO of earth station SSPA is
fixed by -3dB. From the figure, it can be observed
that the OFDM-IDAR with the proposed estimation
method shows slightly higher BER performance than
that for the ideal estimation method. However, the
proposed method can achieve much better BER per-
formance than that for the conventional SC trans-
mission method. From these results, it can be con-
cluded that the proposed OFDM-IDAR with the es-
timation method for non-linear amplifier character-
istics can achieve the higher transmission data rate
with keeping the better BER performance than that
for the conventional SC transmission method in the
non-linear satellite channel.

5.2 BER Performance of OFDM-IDAR Method

Figure 9 shows the BER performances of OFDM-
IDAR with proposed estimation method when chang-
ing the number of iterations of IDAR method. In the
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figure, BER performance when assuming the ideal
characteristics of SSPA and TWTA are also shown
as comparing with the proposed estimation method
using Case 2. The IBO for the SSPA and TWTA are
taken by -3dB and -4dB, respectively. From the fig-
ure, it can be observed that the BER performance of
OFDM-IDAR with the proposed estimation method
is slightly degraded as compared with the ideal case.
It can be also observed that the BER performances
for the proposed methods at (C/N)dw =20dB are con-
verged when the number of iterations is taken larger
than 6. From these results, the following simulations
for OFDM-IDAR method are assumed to use 6 as the
iteration number for the IDAR method.

Fig.8: Estimation accuracy of composite character-
istics of SSPA and TWTA.

Figure 10 shows the BER performances at the
downlink (C/N)dw =20dB both for the conventional
SC transmission method and OFDM-IDAR method
when changing IBO of satellite TWTA. The IBO of
transmit earth station SSPA is fixed by -3dB. In the
figure, BER performances when assuming the ideal
characteristics of SSPA and TWTA for IDAR method
are also shown.

Here, the downlink (C/N)dw is defined by using the
desired signal power at the output of satellite TWTA
of which IBO is 0dB. In this definition of (C/N)dw,

the actual received C/N at the receive earth station
would be changed from the given (C/N)dw according
to the IBO of TWTA. The power of inter-modulation
noise could be improved as decreasing IBO of TWTA
while the desired signal power at the output of TWTA
would be reduced. In other words, there is the trade-
off between the inter-modulation noise power and the
desired signal power according to the value of TWTA
IBO. Therefore, the best BER performance could be
achieved at the optimum value of TWTA IBO, which
is compromised of them. The definition of C/N as-
sumed here is based on the actual satellite commu-
nications systems, which are taken into account the
desired signal power at the output of non-linear am-
plifier, and can evaluate the usage of power efficiency
of non-linear amplifier.

From the figure, it can be observed that the
OFDM-IDAR with proposed estimation method has
the optimum TWTA IBO at -4dB, which can achieve
the best BER performance, while the optimum
TWTA IBO for the conventional SC transmission
method is around -8dB. It can be also seen that
the proposed method at the optimum TWTA IBO
shows much better BER performance than that for
the conventional SC method. In other words, the
proposed OFDM-IDAR method can operate at the
higher TWTA IBO with keeping the better BER per-
formance than that for the conventional SC modula-
tion method. From these results, it can be concluded
that the proposed OFDM-IDAR method can achieve
the higher usage of non-linear amplifier with keeping
the better BER performance.

Figure 11 shows the BER performances both
for the conventional SC and OFDM-IDAR methods
when changing the downlink (C/N)dw. In the sim-
ulation, the optimum IBO for satellite TWTA are
taken by -4dB and -8dB for the proposed and con-
ventional SC methods, respectively based on the re-
sults of Fig.10. The IBO of earth station SSPA is
fixed by -3dB. From the figure, it can be observed
that the OFDM-IDAR with the proposed estimation
method shows slightly higher BER performance than
that for the ideal estimation method. However, the
proposed method can achieve much better BER per-
formance than that for the conventional SC trans-
mission method. From these results, it can be con-
cluded that the proposed OFDM-IDAR with the es-
timation method for non-linear amplifier character-
istics can achieve the higher transmission data rate
with keeping the better BER performance than that
for the conventional SC transmission method in the
non-linear satellite channel.

6. CONCLUSIONS

This paper proposed the broadband satellite
communication systems by using multi-level QAM-
OFDM technique with IDAR method designed for
satellite channel. This paper also proposed estima-
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Fig.9: BER performance versus number of itera-
tions.

Fig.10: BER performance versus IBO.

tion method for non-linear satellite amplifiers by us-
ing the low PAPR preamble symbols, which is re-
quired for the IDAR method. From the computer
simulation results, we confirmed that the proposed
estimation method for non-linear amplifier charac-
teristics can achieve the better accuracy and can be
used in the IDAR method. We also confirmed that
the OFDM-IDAR system with the proposed estima-
tion method shows much better BER performance
than that for the conventional single carrier transmis-
sion method in the non-linear satellite channel. From
these results, it could be concluded that the pro-
posed multi-level QAM-OFDM technique with IDAR
method can be used in the fixed and broadcasting
satellite systems to provide the multimedia broad-
band satellite services with keeping the better BER
performance. This paper presented the evaluation re-
sults only in the AWGN channel assuming the fixed
and broadcasting satellite systems. The proposed
method could achieve the better BER performance
even for the mobile satellite systems including multi-
path fading, because the proposed method is based
on the OFDM technique.

Fig.11: BER performance versus downlink C/N
when IBO is selected by optimum.
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