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Pilot Symbol Assisted High Speed Packet Transmission
System based on Adaptive OFDM in Broadband Mobile
Channel

Chang-Jun Ahn and Iwao Sasase

Abstract: 4G mobile communication system requires the through-
put of 10-100Mbps. Adaptive modulated OFDM system is promis-
ing technique for increasing the throughput. In the pilot symbol
assisted high-speed packet transmission system, the data symbol
duration is generally considered to be small compared to the co-
herence time. However, OFDM symbol duration is longer than the
symbol duration of a single carrier system, so that the packet du-
ration of the pilot symbol assisted high speed packet transmission
system is long. In this case, the change of channel conditions is
too fast to be accurately estimated by channel estimator at the re-
ceiver in high Doppler frequency, so that many errors occur dur-
ing demodulation, especially with the data symbols at the end of
each packet. In this paper, we consider the BER at various in-
stantaneous E;,/N; that includes the demodulation errors in high
Doppler frequency. When the coherence time is ten times longer
than the duration of a single packet, the channel can be closely ap-
proximated as an AWGN channel. Otherwise, the approximation
breaks down and the above-mentioned errors that occur during
demodulation must be taken into consideration. In this paper, we
propose the pilot symbol assisted high speed packet transmission
system based on adaptive OFDM using a novel lookup table to con-
sider the demodulated errors and evaluate the throughput perfor-
mance.

Index Terms: High-speed packet transmission, adaptive OFDM,
instantaneous £/ Ny, coherence time.

I. INTRODUCTION

Mobile radio communication systems are increasingly de-
manded to provide a variety of high-quality multimedia ser-
vices to mobile users. To meet this demand, modern mobile
radio transceiver systems must be able to support high capacity,
variable bit rate information transmission and high bandwidth
efficiency. In the mobile radio environment, signals are usu-
ally impaired by fading and multi-path delay phenomenon. In
such channels, severe fading of the signal amplitude and inter-
symbol-interference (ISI) due to the frequency selectivity of the
channel cause an unacceptable degradation of the error perfor-
mance.
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OFDM is an efficient scheme to mitigate the effect of multi-
path channel, since it eliminates ISI by inserting guard interval
longer than the delay spread of the channel [1], [2]. Therefore,
OFDM is generally known as an effective technique for high
data rate services such as digital audio broadcasting (DAB) and
digital video broadcasting (DVB). Recently, OFDM has been
considered as one of the promising modulation candidates for a
fourth generation broadband mobile communication system for
this reason.

Most OFDM systems use a fixed modulation scheme over
all carriers for simplicity. However, each carrier in an OFDM
system can potentially have a different modulation scheme de-
pending on the channel conditions. Any coherent or differential,
phase or amplitude modulation scheme including BPSK, QPSK,
8PSK, and 16QAM can be used. Each modulation scheme pro-
vides a trade off between spectral efficiency and the bit error rate
(BER). Choosing the highest M-ary modulation scheme that will
give an acceptable BER can maximize the spectral efficiency.
Thus, adaptive modulation scheme is the efficient scheme to in-
crease the throughput performance.

Steele [3]-Sampei [6] propose and simulate burst by burst
adaptive QAM for exploiting the time-variant Shannonian chan-
nel capacity of narrowband fading channel, and variable con-
catenated coded scheme, respectively. Yoshiki proposes adap-
tive QAM with power control [7]. Chi-Hsiao, Desai, and
Rohling evaluate OFDM based wireless networks using adap-
tive modulation [8]-[10]. It is assumed in an adaptive mod-
ulation scheme that the transmitter has full knowledge of the
channel state information (CSI), and that the channel is slowly-
varying. Above mentioned studies demonstrating the perfor-
mance gain of adaptive modulation have assumed the availabil-
ity of the packet duration that is enough smaller than the coher-
ence times, and perfect channel estimation.

In the pilot symbol assisted high-speed packet transmission
(PSAPT) system [11], [12], the data symbol duration is gen-
erally considered to be small compared to the coherence time.
During the packet duration less than the coherence time, the
channel can be well approximated as an AWGN channel. So we
can use the shannonian channel capacity theory to set the thresh-
old E, /N, for adaptive modulation. However, OFDM symbol
duration is longer than the symbol duration of a single carrier,
therefore, the packet duration of PSAPT system based on adap-
tive OFDM is increased. In this case, the change of channel
conditions is too fast to be accurately estimated by channel es-
timator at the receiver in high Doppler frequency, so that many
errors occur in data demodulation processing particularly in the
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Fig. 1. The concept of adaptive all carrier modulation (AAM) for time
selective channel.

last part of the packet.

In this paper, we consider the BER at various instantaneous
E}, /Ny that includes the demodulation errors in high Doppler
frequency. When the coherence time is ten times longer than the
duration of a single packet, the channel can be closely approx-
imated as an AWGN channel. Otherwise, the above-mentioned
errors that occur during demodulation must be taken into con-
sideration. We propose a novel lookup table take into account
the demodulated errors in high Doppler frequency and evaluate
the system performance.

This paper is organized as follows. Conventional adaptive
modulation system is described in Section II. In Section III, we
describe our proposed adaptive modulation scheme. In Section
IV, we describe the simulation conditions and show the simula-
tion results. Finally, the conclusion is given in Section V.

1. ADAPTIVE MODULATION FOR OFDM

A. Conventional Adaptive Modulation Scheme

The general concept of an adaptive modulation for time vari-
ant channel is shown in Fig. 1. The adaptive modulation needs to
get the propagation path conditions, which vary over time. The
system uses a feedback information in which the system can
know the conditions in a reception frame and can choose one
of the modulation schemes in the transmitter. When the trans-
mission conditions such as signal strength change, the modula-
tion scheme for the transmission may be changed for adaptation
interval. In this case, all subcarriers use the same modulation
scheme, that is called adaptive all carrier modulation (AAM).

Since the propagation characteristic of the each subcarriers
differ in frequency selective fading channels, adaptive subcar-
rier modulation (ASM) scheme may obtain good throughput by
selecting a suitable modulation scheme for each subcarrier adap-
tively. The concept of an adaptive modulation system for OFDM
with ASM is shown in Fig. 2 for the time and frequency domain
expressions, respectively.

B. Conventional Decision Threshold for Adaptive Modulation

In the conventional adaptive modulation system, the packet
duration is considered to be small enough compared to the co-
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Fig. 3. BER curve of various modulation schemes to set the lookup Table
1 under the AWGN channel.

herence time. During a packet duration less than the coherence
time, the channel can be well approximated by an AWGN chan-
nel. So we can read the lookup table like the Fig. 3 to satisfy the
target BER.

Moreover, for a given symbol error probability of OFDM, we
can calculate the required SNR for each of the different mod-
ulation schemes used. The thresholds for changing from one
modulation scheme to another are obtained by using the required
SNR. Symbol error probability due to Gaussian noise for MPSK
is given by [13]

5B, \] '
=N, )| )

where the average symbol energy, E,, the noise power, Ny, and
the modulation scheme, M, respectively. The Gaussian cumu-
lative distribution function, Q(z) is expressed as

PM§1—[1—2Q<
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where the error function er f(x) is

erf(a) = %/0 et . (3)

By solving (1) for —]’f,—z and using (2) and (3), we obtain the
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Table 1. Threshold E; /N, of lookup Table 1 and 2 for satisfying the
target BER of 102 [dB].

[ Mod. | lookup Table 1 | lookup Table 2~ |
QPSK —00 —00
8PSK 21 271425 (10/80 Hz)
16QAM 21.7 34/53.5 (10/80 Hz)

E, /Ny required for a given M, and certain symbol error proba-
bility, Pas

2(M — 1)

Es o [erf_l(\/l—PM)r : )
NO 3 ’

Table 1 shows the threshold F} /N, of the conventional adaptive
modulation schemes based on the AWGN channel (lookup Table
1) and average /Ny has been read from the BER of flat fading
(lookup Table 2) for satisfying the target BER of 102 at F; =

10, 80Hz.

III. PROPOSED SYSTEM

Suppose a packet consists of 100 ~ 512 subcarriers and 64
OFDM symbols (number of pilot symbols is N,=4 and number
of data symbols is N;=60), and transmission rate is considered
about 100 ~ 150 Ksymbols/s for individual subcarriers [11],
[12}. If we assume that the mobile is travelling at approximately
4.8m/s (17km/h) and operating at 5 GHz, the Doppler frequency
is approximately F,;=80Hz. The Jakes correlation between two
fading coefficients ¢ time samples apart is Jy (27 F,;T5st), where
T is the symbol period and Jy is the zeroth order Bessel func-
tion of the first kind. We assume that 7,=1/122500=8.16us, so
T, F,;=0.000653.

In wireless communication system, the coherence time of
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Fig. 5. BER performance of instantaneous E;, /Ny for various average
Ey /Ny of 8PSK, Fd=80Hz.

Doppler frequency of 80Hz can be represented by [14]

. 9 9.C
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16 x 3.14 x 4.8 x 5 x 109 Hs
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where F); is the maximum Doppler frequency given by Fy =
v - fo/C, f, is the operating frequency, v is the mobile speed
and C is the light speed. From (5), fading samples separated
by much less than 274 symbols, say T, = 274 symbols, are ap-
proximately equal for F; = 80Hz. It means that the coherence
time is equal to the duration of only 4.29 packets.

By the way, the previous adaptive modulation studies demon-
strating the performance gain of adaptive modulation have as-
sumed the availability of the packet duration that is enough
smaller than the coherence times such as wireless ATM packet
structure, and perfect channel estimation. The wireless ATM
packet is considered with 12 OFDM symbols (number of pilot
symbols is N,=2 and number of data symbols is Nz=10), and
operating at 2GHz. In this case, the coherence time is T,=551
symbols, so that the coherence time-of the wireless ATM is
about 46 packet times. Therefore, the wireless ATM can com-
pensate the effect of fading. However, the PSAPT system shows
error floor in high Doppler frequency because the packet dura-
tion is not enough smaller than the coherence time.

Fig. 4 and Fig. 5 show the BER at various instantaneous
E; /Ny due to the Doppler frequency of 10 and 80Hz with 8PSK.
The instantaneous Ej, /N, is defined as the ratio between the sig-
nal power that is effected by the Doppler frequency and back-
ground noise for individual subcarrier, and the average E,/Ng
is defined as the average ratio between the signal power and
noise for whole subcarriers. When the transmitted signal is deep
faded by the Doppler frequency, the faded signal’s power is de-
creased. Therefore, the instantaneous Ey /Ny is degraded. Fig. 4
shows the same BER at various instantaneous E},/Ny due to
the Doppler frequency for various average Ej,/N, at Doppler
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Fig. 6. Required instantaneous E /Ny for satisfying the target BER of
10~3, Fd=10Hz.

frequency of 10 Hz with 8PSK. Since the channel is slowly
changed at Doppler frequency of 10Hz, Doppler frequency is
perfectly compensated by using the pilot symbol’s channel state
information. Therefore, the demodulation property depends
on an AWGN channel characteristic. In Doppler frequency of
10Hz, the coherence time is about 7, = 17905us, so that it is
about 34 packet times. This coherence time is long enough for
the perfect channel compensation. The coherence time, how-
ever, decreases with increasing Doppler frequency. As a result,
the system cannot compensate for the Doppler frequency, and
many errors are made in demodulating the data symbols near
the end of each packet. Thus, the BER vs. instantaneous Ejp/Ng
curves (as a function of average E}/Ny) are different when the
Doppler frequency is taken into consideration.

For example, Fig. 5 shows that high average E; /Ny like 20dB
causes worse BER performance than those of 0, 5 and 10dB.
This is because the instantaneous Ej, /Ny includes the effect of
the Doppler frequency compensation errors. When the Doppler
frequency is high, however, the coherence time becomes shorter
and the channel is no longer perfectly compensated. Particu-
larly, when the instantaneous Ej, /Ny is smaller than the average
Ey /Ny, the received signals are strongly effected by the back-
ground noise. For the instantaneous Ej, /Ny of 10dB, the powers
are decreased from average E; /Ny of 0, 5, 10, and 20dB about
10dB, 5dB, 0dB, and -10dB by the Doppler frequency, respec-
tively. Particularly, the power of the instantaneous Ej, /Ny of
10dB from the average E, /Ny of 20dB is largely decreased. In
this case, the power of the instantaneous /Ny of 10dB from
the average Fy, /Ny of 20dB has been strongly affected by the
background noise, and the demodulation is not more accurate
than those of small shifted signals. It means that large decreased
signal causes worse BER than those of small decreased signals
in high Doppler frequency.

The power of the instantaneous Ej /Ny of 10dB from the aver-
age E;, /Ny of 0dB is also shifted. However, in this case, the sig-
nal power is increased by the Doppler frequency. So the power
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Table 2. Required instantaneous E, /Ny as a lookup able 3 for target
BER of 10—3 at F; = 10, 80Hz [dB].

[ Average Bp/No | Modulation | 10Hz | 80Hz |
0 8PSK 8.4 8.4
0 16QAM 10.4 10.4
5 8PSK 8.4 8.4
5 16QAM 104 10.6
10 8PSK 8.4 10.3
10 16QAM 10.4 12
15 8PSK 8.4 14
i3 T60AM 104 V)
20 8PSK 8.4 19
20 16QAM 10.4 22
25 8PSK 8.4 22.6
75 T6QAM 04 | 355
30 8PSK 8.4 30.9
30 16QAM 10.4 33.5

from the average Ej, /Ny of 0dB has been weakly affected by the
background noise. Thus the demodulation is more accurate than
that of the power of the instantaneous Ep/Ny of 10dB from the
average F, /Ny of 20dB. When we use the conventional adaptive
modulation lookup table as lookup Table 1 for PSAPT system,
the throughput is degraded. On the other hand, when we change
the modulation scheme for individual subcarrier with consider-
ing above simulated results as Fig. 6 and Fig. 7, we can reduce
the throughput degradation in high Doppler frequency.

Fig. 6 and Fig. 7 show the required instantaneous E}, /N for
high speed packet transmission system. The required instanta-
neous Ej; /Ny depends on the modulation scheme that is used for
the subcarrier, and determines the system’s target BER. Fig. 6
and Fig. 7 give an overview of these levels, which have been
read from the BER curves for the different modulation schemes
for satisfying the target BER of 1072 at F; = 10,80Hz using
these figures. By using these figures, we can make a lookup
Table 3 as Table 2. Table 2 shows the required instantaneous
E;/N, of our proposed adaptive scheme (lookup Table 3) for
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Table 3. Simulation parameters.

Modulation QPSK,8PSK,16QAM
Demodulation Coherent detection
Data rate 15.68 Msymbol/s
FFT size 128
Number of carriers 128
Guard interval 25 sample times
Frame size 64 symbols
(Np = 4, Ng = 60)
FEC convolutional code
(R=1/2, K=T7)
Fading 18 path Rayleigh fading
Doppler frequency 10, 80 Hz
Adaptation interval 2 packet times

target BER of 1073 based on the modulation scheme that is used
for the subcarrier.

IV. COMPUTER SIMULATED RESULTS

A. System Description

Fig. 8 shows the simulation model for adaptive modulation
based on OFDM with N, = 128 subcarriers. In the transmit-
ter side, data stream is first encoded. Here, convolutional codes
(rate R = 1/2, constraint length K = 7) are used, which have
turned out to be efficient for transmission of an OFDM signal
over frequency selective fading channel [15], [16]. The coded
bits are then mapped to the modulation symbols of N, = 128
subcarriers.  The OFDM time signal is generated by an in-
verse FFT and is transmitted over the frequency selective and
time variant radio channel after the cyclic extension has been
inserted. The transmitted signals are subject to broadband chan-
nel propagation as shown in Fig. 9 [17], [18]. In this model,
L = 18 path Rayleigh fadings have exponential shapes with
path separation Tp,:n, = 42nsec. This case causes a severe fre-
quency selective fading. The maximum Doppler frequency is
assumed to be 10Hz and 80Hz. In the receiver side, the received

18 path Rayleigh distributed

~ 40dB

2 -1dB multi-path fading

Y

£

2

@
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Fig. 9. Channel modeli.
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Fig. 10. Packet structure.

signals are serial to parallel converted and N, parallel sequences
are passed to a FFT operator, which converts the signal back to
the frequency domain. This frequency domain signals are coher-
ently demodulated by using a pilot signal. After demodulation,
the binary data is decoded by the Viterbi soft decoding algo-
rithm. The simulation parameters are listed in Table 3. Fig. 10
shows packet structure. Packet consists of 128 subcarriers and
64 OFDM symbols (number of pilot signals: N, = 4, number of
data: Ng4 = 60).

B. Simulation Results

In the following simulation results, throughput 7 (bit per sec-
ond) is defined as

n= Rb X N—SUC_, (6)
trans

where Rj is the total information bit rate, and Nyyqrns and Ny,
are the total number of transmitted and correctly received pack-
ets, respectively. Here, we evaluate the performance of adaptive
modulation using an adaptation interval of 2 packet durations,
which should accommodate the delay and processing time of the
feedback information (FBI) from the receiver to the transmitter.
FBI includes the estimated channel state information like power
and noise level of individual subcarriers. In the adaptive mod-
ulation systems, above mentioned FBI is required. But FBI is
generally assumed to be infinitely precise and perfect. In the
practical case, it is necessary to have some delay times to trans-
mit the FBI from receiver to transmitter. Moreover, the system
requires the processing time to make an adaptive modulation
command using the FBI at the transmitter. With the FBI de-
lay and the processing time to make an adaptive modulation, the
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system performance might be degraded. In this evaluation, LMS
method is used to fit a second order polynomial to each of the
measured channel impulse responses [19]. To maintain the sys-
tem performance, we calculate the next fading for 2 packet times
later using this polynomial values for increasing the accuracy of
the FBL v

Fig. 11 and Fig. 12 show the BER: and throughput of fixed
QPSK, adaptive subcarrier modulation (ASM) with lookup Ta-
ble 1, adaptive subcarrier modulation (ASM) with lookup Ta-
ble 2, adaptive all carrier modulation (AAM) with lookup Table
3, adaptive subcarrier modulation (ASM) with lookup Table 3
for target BER of 1073, and F; = 10Hz. The system based
on lookup Table 3 shows poor BER performance. Particularly,
AAM with lookup Table 3 shows the error floor between 15dB
and 20dB. But the throughput performance shows better than the
lookup Table 1 and 2. This is because the lookup Table 3 is made
from the instantaneous Ej, /Ny, so the system accurately selects
the modulation schemes from the estimated channel state. How-
ever, in low Doppler frequency, the coherence time is enough
larger than the packet duration. Therefore, the lookup Table 1
and lookup Table 3 show approximately same values. For this
reason, the throughput of the system based on lookup Table 3
is not larger than that of the system based on lookup Table 1.
Moreover, ASM may obtain better throughput than AAM by se-
lecting a suitable modulation scheme for each subcarrier adap-
tively.

Fig. 13 and Fig. 14 show the BER and throughput of fixed
QPSK, ASM with lookup Table 1, ASM with lookup Table 2,
AAM with lookup Table 3, and ASM with lookup Table 3 for
target BER of 1073, and F; = 80Hz. In Fig. 13 and Fig. 14,
ASM scheme with lookup Table | shows poor BER than that of
the fixed modulation, since the ASM scheme with lookup Ta-
ble 1 uses the threshold E;/N, based on the AWGN channel
and this lookup table does not consider the demodulation er-
rors. Moreover, with increasing the E;/Ng, the BER of ASM
scheme with lookup Table 1 is degraded. This is because ASM
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target BER of 10—3, and F; = 80Hz.

scheme with lookup Table 1 generally changes channel mod-
ulation scheme based on the estimated channel state without
considering Doppler frequency. In such a case, the lookup Table
1 based system has no meaning, even though the channel state
is best. The lookup Table 2 based system achieves better BER
than that of the lookup Table 1 based system and fixed QPSK.
The lookup Table 3 is made from the instantaneous Ej /Ny, so
it more accurately selects the modulation scheme with consid-
ering the demodulation errors. Therefore, lookup Table 3 based
system achieves the best throughput and satisfies the target BER.

Fig. 15 and Fig. 16 show the BER and throughput of AAM
with lookup Table 3 with various feedback information (FBI)
errors for target BER of 1073, and F;; = 80Hz. When increas-
ing the FBI errors, the BER is significantly degraded. This is
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because the channel state and the selected modulation schemes
using FBI with errors are different. The BER of the case with
FBI errors of 107! occurs 7 times larger than that of the case
with no FBI error. No FBI error case obtains the achievable
maximum throughput about 17.8 Mbps at F},/N, = 30dB, but
the case with FBI errors of 10~! obtains the achievable maxi-
mum throughput about 14.2Mbps at Ej, /Ny = 30dB.

V. CONCLUSION

In this paper, we have evaluated the pilot symbol assisted high
speed packet transmission system based on adaptive OFDM in
broadband mobile channel using various adaptive modulation
schemes like AAM and ASM with lookup Table 1, 2, and 3.
From the simulated results, ASM with lookup Table 3 satis-
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Fig. 16. Throughput of our proposed adaptive modulation scheme with
FBIl errors 101, 5 - 10~ 2, and no error for target BER of 10—3, and
Fy = 80Hz.

fies the target BER and obtains better throughput than those of
the fixed and conventional adaptive modulation schemes in high
Doppler frequency.
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