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with Orthogonal Frequency Multiplexed Data Symbols
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SUMMARY  Wireless communications for the control of industrial
equipments need to send a large amount of short packets frequently and
to improve frame efficiency. The OFDM frame of wireless local area net-
works has short preambles that are used for timing synchronization and
coarse frequency offset estimation. As the short preambles are repeated
in a time domain, they occupies subcarriers intermittently. Therefore, in
this paper, a new frame format with OFDM modulation in which data sym-
bols are orthogonally multiplexed with the preamble symbols in the fre-
quency domain is proposed. Two preamble sequences that are based on an
IEEE802.11g short preamble sequence and a Zadoff-Chu sequence are ex-
amined. The ratio of transmission powers between the pilot subcarrier and
the data subcarrier is also varied. The timing synchronization probability
with those sequences has been evaluated on different channel models. It
is shown through the experiment that the synchronization performance is
almost the same as that without data multiplexing at E;/No of more than
8dB.
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1. Introduction

Recently wireless communications for Machine-to-Machine
(M2M) applications have been investigated [1]. M2M com-
munications have various applications including environ-
mental monitoring, public safety, health care, and so on.
One of the applications for M2M wireless communications
is industrial automation [2].

Wireless communications for the control of industrial
equipments need to frequently send a large amount of short
packets and it is required to improve frame efficiency [3].
To realize high frame efficiency, the period of a preamble
sequence that is used for the demodulation of a received
signal has to be shorten [4], [S]. However, it is hard for a
random access system since the preamble is also used for
the adjustment of analog circuits [6].

On the other hand, M2M communications have various
applications and they might be implemented in severe multi-
path environments with a large delay spread [7]. An orthog-
onal frequency division multiplexing (OFDM) scheme is ro-
bust to severe multipath channels. Accurate synchronization
of the OFDM signal is required to prevent inter-carrier in-
terference (ICI) and to improve demodulation performance
[8].

In order to shorten the preamble period and improve
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the frame efficiency, a new frame format in which data sym-
bols are orthogonally multiplexed with the preambles in the
frequency domain is proposed in this paper. Two types
of preamble signals are proposed and their synchronization
performance is evaluated. One is based on an IEEE802.11g
short preamble sequence [9]. The frequency spectrum of
the 11g short preamble has a margin at the channel edge
to the spectrum mask specified in the IEEE802.11g stan-
dard. Another is based on a Zadoff-Chu sequence which has
higher packet utilization efficiency than the IEEE802.11g
short preamble. Ths frequency spectrum of the Zadoft-Chu
sequence based preamble spans over the whole spectrum
mask. Thus, it can carry more data symbols while the larger
frequency interval of pilot subcarriers effects on the accu-
racy of channel estimation. The synchronization probabil-
ity and the BER performance of the preambles multiplexed
with data symbols are evaluated through the experiment in
this paper.

This paper is organized as follows. Our experiment
system is explained in Sect.2. Numerical results obtained
through the experiment are shown in Sect. 3. Finally, con-
clusions are presented in Sect. 4.

Notation: Throughout the paper, a variable expressed
with a capital letter implies a quantity in a frequency domain
while a variable represented with a small letter indicates a
quantity in a frequency domain.

2. Experiment System
2.1 Measurement Setup

Figure 1 illustrates a block diagram of the experiment sys-
tem. The transmitter and the receiver are connected by a ca-
ble in this experiment system. An OFDM signal following
the IEEE802.11g format is generated by the signal genera-
tor. Table 1 shows the specifications of measurement equip-
ments. The received signal is downconverted and digitized
in the Sora radio control board (RCB) that is a software de-
fined radio platform [10]. The digital samples are stored in
the memories on the personal computer (PC). The PC picks

Channel (wired)

Transmit anntena

] S Receive Anntena
1
Signal L______.I

generator RF 7 RCB PC

Fig.1  Experiment system.
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Table1l Measurement equipment.

ESG Vector Signal Generator |Frequency: from 250 kHz to 6 GHz
Agilent “E4438C” Maximum Output Power: +17 dBm

RF Transceiver
MAXIM “MAX2829”

Frequency: 2.4 GHz-2.5 GHz

4.9-5.875GHz

Gain Control Range : 93dB

Dynamic Range: 60 dB

Speed: 20 Msymbol/s, 40 Msymbol/s,
65 Msymbol/s

Resolution: 14 bit

A/D Converter
ANALOG DEVICES
“AD9248”

Clock: 2.8 GHz
Core: Quad Core

Personal Computer
Intel Core i7 930

Table 2  Specifications of signal.
Bandwidth of the Channel 20 MHz
Center Frequency 2.442 GHz
of the Channel
Modulation Scheme OFDM
Size of DFT 64

Number of Subcarriers 52 (IEEE802.11g short preamble)
56 (Zadoff-Chu sequence)

40(IEEE802.11g short preamble)

Number of Data Subcarriers

48(Zadoff-Chu sequence)
Short Preamble Duration 0.8 us
Cyclic Prefix Duration 0.8 us
Symbol Duration 32us

Transmit Power

—20dBm (with 20 dB attenuator)

up the stored samples and carries out carrier detection con-
tinuously.

2.2 Transmit Signal

The specifications of the OFDM signal used for the experi-
ment are shown in Table 2 [9]. The OFDM signal is gener-
ated with the clock speed of 20 MHz. The number of sub-
carriers used for the preamble and data signals is 52 while
the size of the DFT is N=64. The bandwidth of the sig-
nal is 1/T,=20MHz where T is the sampling interval of
the OFDM signal. The frequency response of the filter is
shown in Fig. 2. This filter follows the IEEE802.11g spec-
trum mask. It is assumed here that a half of the preamble
period is used for the detection of a carrier signal as well
as the adjustment of an RF front end and following analog
circuits [12]. For simplicity, it is assumed that the adjust-
ment process of the RF circuits is carried out during the first
half of the preamble period and analog-to-digital (A/D) con-
version starts from the last half of the preamble period that
carries the data signal as well as the cyclic prefix.

2.3  Frame Format

Two types of the preamble sequence is employed in this pa-
per. One is the short preamble sequence with the length of
16 points specified in the IEEE802.11g standard and another
one is the Zadoff Chu sequence with the length of 8 points.
The whole preamble period is 160, the DFT size is 64, and
the cyclic prefix size is 16. Thus, the preamble sequence is
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Fig.2  Frequency response of transmit filter.
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Fig.3  Transmit signal format.

repeated 10 times in the IEEE802.11g short preamle based
frame while it is repeated 20 times in the the Zadoff Chu
sequence based frame as shown in Figs. 3(a) and 3(b).

2.3.1 IEEES802.11g Short Preamble Based Frame

The short preamble sequence specified in the IEEE802.11g
standard spans over 12 subcarriers with the interval of 4
subcarriers in the frequency domain. An example of the
power spectrum density of the transmit signal with the
IEEE802.11g short preamble sequence is shown in Fig. 4.
The ratio of the powers between the data subcarrier and the
pilot subcarrier is 1:8 in this example. The notable thing
of this sequence is that this sequence does not contain the
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Fig.4  Frequency spectrum of IEEE802.11g short preamble sequence
based frame (Power ratio = (1:8)).
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Fig.5 Frequency spectrum of Zadoft-Chu sequence based frame (Power
ratio = (1:8)).

frequency component at the channel edge even though it is
repeated 4 times over one OFDM symbol duration. Thus,
there is a margin between the edge of the signal spectrum
and the spectrum mask. In this frame format, following
the IEEE802.11g standard, 52 subcarriers including 12 pilot
subcarriers and 40 data subcarriers are used for data trans-
mission.

2.3.2 Zadoft-Chu Sequence Based Preamble

The Zadoff-Chu sequence is a complex-valued mathemat-
ical sequence which realizes an electromagnetic signal of
constant amplitude [11]. The Zadoff-Chu sequence with the
length of 8 points is repeated 8 times over one OFDM sym-
bol duration in the time domain and it spans over § sub-
carriers with the interval of 8 subcarriers in the frequency
domain. An example of the power spectrum density of the
transmit signal with the Zadoff-Chu sequence is shown in
Fig.5. The ratio of the powers between the data subcarrier
and the pilot subcarrier is 1:8 in this example. The Zadoff-
Chu sequence can be designed for any length. However, it
can not be fit in the IEEE802.11a spectrum mask if the se-
quence length is longer. If the sequence length is shorter,
the interval between the auto-correlation peaks reduces. On

2099

the other hand, the larger frequency interval of pilot subcar-
riers effects on the accuracy of channel estimation. Thus, in
this experiment, the Zadoft-Chu sequence with the length of
8 points is employed for evaluation. Since the power spec-
trum of the transmit signal satisfies the spectrum mask, 56
subcarriers including 8 pilot subcarriers and 48 data subcar-
riers are used for data transmission.

2.4 OFDM Symbol

The OFDM symbols in the last half of the preamble period
is expressed as follows. Suppose that the symbol on the kth
subcarrier is X[k] (k = —%,...,—% — 1), the nth OFDM signal
in the time domain, x[n], is given as

4
1 X _nk
xlnl = kZN X[k] exp ( jZﬂ'ﬁ) (1)
=3
where k is the subcarrier index, n (n= 0, ..., N — 1) is the

time index, and N indicates the number of subcarriers. The
preamble symbols are C times repeated over the OFDM
symbol duration in the time domain. This implies that they
are transmitted on every C subcarriers in the frequency do-
main. The subcarrier indexes for the preamble symbols are
given as follows

_|ew-D+4+N/2, K=1,2,...D
PlCc +1)-4+N/2, kK =-1,-2,...,-D
2

where 2D is the number of the preamble symbols and is 12
or 8 and C is set to 4 or 8 for the 11g short preamble or the
Zadoft-Chu sequence, respectively. The preamble symbols
and the data symbols are multiplexed in the frequency do-
main as shown in Fig. 6. It is orthogonally transmitted over
the subcarriers of =26 < k < 26 for the 11g short preamble
sequence or of —28 < k < 28 for the Zadoff-Chu sequence
based preamble except k € {k,} (preamble subcarriers) and
k = 0 (DC subcarrier). If the cyclic prefix (CP) is applied
to the symbol, the last part of the symbol is repeated at the
beginning as follows.

N+N.—1

x)= Y, xlnlp(t—nTy) (3)

n=0

where N, is the cyclic prefix duration and p,() is the impulse
response of the transmit filter. The last half of the preamble
symbols then consists of (N + N.) samples given in Eq. (3).

Finally, the filtered signal is transmitted in the 2.4 GHz
band from the signal generator. As channel models an
AWGN channel and indoor multipath fading channels are
assumed and generated in the signal generator [13]. Two dif-
ferent multipath channels, Indoor Residential A and Indoor
Office C, are assumed in the experiment. This is because
the RMS delay of the wireless channels in the M2M appli-
cations spans from tens of nano seconds to 1 micro second
[7]. The delay profiles of the Indoor Residential A model



2100
t k k,+1
14 p
3
2
£
£
<
Subcarrier >

Q ---Data
D ++-Short Preamble
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Fig.8 Delay profile of Indoor Office C channel model.

and the Indoor Office C model used in the experiment are
shown in Figs. 7 and 8, respectively.

2.5 Signal Processing in Receiver

The block diagram of the receiver programmed on the PC is
shown in Fig. 9. After downconversion, the received signal
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Fig.9 Block diagram of signal processing in receiver.

is sampled at the rate of 40 MHz. The DC offset of the re-
ceived signal is first removed and timing synchronization
is carried out. The frequency offset of the received sig-
nal is estimated and removed with the preamble symbols.
After downsampling, the OFDM signal passes through the
DFT block. The data symbols multiplexed in the frequency
domain is then demodulated after channel estimation and
equalization on each subcarrier.

2.5.1 DC Offset Cancelation

The DC offset of the received signal, 0, is estimated with the
following equation.

ki ylnl
M

where y[n] is the nth sample of the received signal and M
is the number of the samples available for averaging. The
averaging is carried out every 512 samples, i.e. M = 512.
DC offset cancelation can be carried out by subtracting 0
from the received samples as follows.

0=

“4)

y[n] = y[n] — o, n=12.,N (@)

where jj[n] is the nth sample after DC offset cancelation.
2.5.2 Timing Synchronization

The timing synchronization scheme employs matched filter-
ing to the preamble symbols [14]. The filter length is 5 short
preamble symbol duration. The ith output of the correlator,
plil, is given as follows.

S5CN,/4-1

Z jli +nls’[n mod Nj] (6)
n=0

plil =

where s[i] is the ith sample of the preamble symbols and N,
is the length of one short preamble, i.e., Ny = 32 for the 11g
short preamble and Ny = 16 for the Zadoff-Chu sequence
based preamble with 2 times oversampling. The peak out-
put of the matched filter is detected with the output of the
correlator and then the synchronization timing is decided.

2.5.3 Frequency Offset Cancelation
A frequency offset is estimated with the last five short

preamble symbols in which data symbols are multiplexed in
the frequency domain. Matched filtering is applied to these
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short preambles and the frequency offset is estimated. The
length of the matched filter is set to one OFDM symbol du-
ration and two or four auto-correlation peaks for C = 4 or
C = 8 appear at the outputs with the interval of Ny samples.
The I/th output of the correlator with the short preamble sym-
bols can be expressed as

(4+(-1))CN,/4-1

qll] = ylnlsinl,
n=C(I-1)N,/4

1=1,2 )

where the packet frame is assumed here to start from n=0.
The estimation of the frequency offset, ay, is given as

1
s = T——— *[11g12]) . 8
¥ = 5 CN./A arg (q"[114[2]) @®)
In this way, the estimation of the frequency offset is obtained
and tentative cancelation is carried out to the preamble sym-
bols in which data symbols are multiplexed as follows.

jln] = gln] exp (j2na;n), n=0,1,.. )

where j[n] is the nth received sample after the tentative can-
celation of the frequency offset.

2.5.4 Channel Equalization and Demodulation

After DC offset cancelation, timing synchronization, and
frequency offset compensation, the received signal is down-
sampled with the ratio of 2. Following the downsampling,
those samples are put into the DFT block. The received sig-
nal after downsampling, jj[n], is given as follows.

ylnl = gl2n]. (10)

The received signal on the kth subcarrier is obtained through
the following equation,

N+NG1

- k
ZIK= Y finlexp (jznﬁn), (11

n=NGl+1

where Z[k] is the received signal on the kth subcarrier. The
channel estimation with the pilot subcarrier, k), is carried
out as

Hlky] = ZI[k,1S ) Tkp] (12)

where H [kplis the channel response and S ,[k,] is the short
preamble symbol on the kjth subcarrier, respectively. The
channel responses between the k,th and (k, + C)th subcarri-
ers are estimated by linear interpolation as follows.

Hlk, + C] - H[k,]
C

Equation (12) only covers the subcarriers with the subcarrier
indexes of 4 < k| < C(D — 1) + 4 for -4 < k < +4, the
channel responses are estimated by linear extrapolation.
With the estimated channel response, the received sym-
bols are equalized through a Zero-Forcing algorithm. The
demodulated symbol on the kth subcarrier after channel

HIk] = Hlk,] + (k — k)

13)

2101

equalization is given as
S[k] = A7 '[k)Z[k] (14)

where S[k] is the data symbol on the kth subcarrier after
channel equalization, H is the estimated channel response.
Information bits are then demodulated with S [k].

3. Measurement Results

Table 3 shows the measurement conditions. RF and base-
band gains are set to 16 and 8 dB in order to make the re-
ceived signal fit in the range of the A/D converters since
no gain control function is implemented. The synchroniza-
tion performance and the BER of the proposed scheme are
evaluated in term of E;/Ny where E; is the energy per sam-
ple while Ny is the noise spectrum density. E/Ny is mea-
sured in the SORA receiver side by comparing the aver-
age power of the received signal samples with and with-
out the transmit signal including the data signal. It is var-
ied by changing the power of the transmit signal from the
signal generator. For the measurement of the synchroniza-
tion probability a pseudo noise sequence with the length of
127 is appended prior to the OFDM frame to give the ref-
erence synchronization timing point. In the measurements
on the multipath fading channel models, the synchroniza-
tion range is set to +£300ns to the reference, in which syn-
chronization is assumed to be realized [12]. The ratio of
transmission powers between the pilot subcarrier and the
data subcarrier is varied in this measurement. The ratios
are set to (1:1), (1:2), (1:4,6), (1:8), or (1:16). Numerical
evaluation obtained through computer simulation has also
been included in performance graphs as reference and those
curves are indicated with dashed lines while the numerical
results obtained through the experiments are presented with
solid lines. In general, the synchronization probability with
the experiments exceeds that with computer simulation in
terms of the synchronization probability. The reason is that
no residual interference component owing to the DC offset
after the DC offset cancelation is assumed in the computer
simulation. The same tendency has been observed in the
experiment with the same equipment in [15]. Though it is
particularly significant if the power of the noise is relatively

Table 3  Measurement conditions.
Modulation Scheme BPSK
RF gain 16 [dB]
Base band gain 8 [dB]
Transmit Power 0dBm [dBm/20 MHz]
Channel models Indoor Residential A
Indoor Office C
Power Ratio 1:1
(Data vs. Pilot) 1:2
1:4.6
1:8
1:16
Number of Trials 10000
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large as compared to the peak output of the correlator be-
cause of the residual DC offset, the experiment results coin-
cide with the simulation results in the high synchronization
probability region in the following performance graphs.

3.1 Synchronization Probability
3.1.1 IEEES802.11g Short Preamble

Figures 10, 11 show the synchronization probability with
the 11g short preamble on different channel models. From
Figs. 10, 11, if the power of the pilot subcarrier is larger,
the synchronization performance improves. This is because
the output of the correlator increases with the larger power
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Fig.10  Synchronization probability vs. Es/Ny (11g short preamble, In-
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Fig.11  Synchronization probability vs. Es/Ny (11g Short Preamble, In-
door Office C channel model).
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of the pilot symbols under the same E;/N, condition. In
Fig. 10, the synchronization performance with the power ra-
tio of (Data:Pilot) = (1:8) is close to that with no data sym-
bols when E /Ny is more than 8 dB on the Indoor Residen-
tial A channel model. When the Indoor Office-C channel
model is selected, the synchronization performance is de-
teriorated and never exceeds 0.8 as shown in Fig. 11. Since
the Indoor Office-C channel model has a delay spread which
is larger than the CP of the transmit signal, the degradation
is caused by the ISI.

3.1.2  Zadoff-Chu Sequence

Figures 12, 13 show the synchronization probability with
the Zadoff-Chu sequence on different channel models. From
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Fig.12  Synchronization probability vs. E;/Ny (Zadoff-Chu sequence,
Indoor Residential A channel model).
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Fig.13  Synchronization probability vs. Es/Ny (Zadoff-Chu sequence,
Indoor Office C channel model).

Figs. 12, 13, if the power of the pilot subcarrier grows,
the synchronization performance improves. This is because
the output of the correlator increases with the larger power
of the pilot symbols under the same E;/N, condition. In
Fig. 12, the synchronization performance with the power ra-
tio of (Data:Pilot) = (1:16) is close to that with no data sym-
bols when E/Ny is more than 8 dB on the Indoor Residen-
tial A channel model.

Comparing to the performance for the 11g short pream-
ble, the synchronization performance for the Zadoff-Chu se-
quence shows about 2 dB degradation. This is because the
pilot subcarriers of the Zadoff-Chu sequence has the less
amount of the power due to the smaller number of the pi-
lot subcarriers under the same E/N, condition than that of
the 11g short preamble.
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3.2 BER Performance
3.2.1 IEEES802.11g Short Preamble

Figures 14, 15 show the BER performance vs. E/Ny. Ep /Ny
can be calculated from E;/Ny, the numbers of the pilot and
data subcarreirs, and the power ratio between the pilot and
data subcarriers. E; can be converted to the bit energy Ej; as
follows.

NP,

E,=E,————
P,N, + PyN,

15)

where N, is the number of the pilot subcarriers, Ny is the
number of the data subcarriers, and P, or Py is the power
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of the pilot symbol or data symbol, respectively. In those
figures, “Theory” indicates the theoretical curve of the BER
on the Rayleigh fading channel. In Figs. 14, 15, the power
ratio of (P4 : P,) = (1 : 4.6) achieves the best performance
on the multipath channel model. The reason is that the chan-
nel estimation error increases more on the multipath fading
channel and the larger power on the pilot subcarriers is re-
quired. If the power ratio increases and the pilot subcarri-
ers occupy a larger part of the transmission power, the bit
energy reduces as given in Eq. (15). If the power ratio de-
creases and the pilot subcarriers consume less transmission
power, the channel estimation error increases. Thus, there
is a tradeoff between the powers of the pilot subcarriers and
the data subcarriers. From Fig. 14, the BER performance
of the power ratio of (P; : P,) = (1 : 4.6) shows about
4 dB degradation as compared to the theoretical curve on
the Indoor Residential A channel model. This is because the
theoretical curve does not assume the pilot symbols and the
power of the data symbols in the theoretical curve is higher
with the same E;/Ny condition. The channel estimation er-
ror also increases the BER. In Fig. 15, the BER performance
shows the severe degradation as compared to the theoretical
curve on the Indoor Office C channel model. This is because
of the low synchronization probability as shown in Figs. 11
and 13.

3.2.2  Zadoff-Chu Sequence

Figures 16, 17 show the BER performance vs. E;/Ny. In
Figs. 16, 17, the power ratio of (P; : P,) = (1 : 4.6) or
(1 : 8) realizes the best BERs on the multipath channel mod-
els. This is because the interval between the pilot subcarri-
ers is larger in the Zadoff-Chu sequence based preamble.
From Fig. 16, the BER performance of the power ratio of
(Pg : P,)=(1:4.6)or (1 :8)hasabout 4 dB degradation as
compared to the theoretical curve on the Indoor Residential
A channel model. While the synchronization probability of
the the Zadoff-Chu sequence based preamble is worse than
that with the 11g short preamble because of the smaller be-
cause of the smaller power assignment to the pilot subcarri-
ers, bit energy is about 1.1 dB larger for the same E/Ny and
the same power ratio. Since the BER evaluation includes
the errors due to the timing synchronization loss, the BER
curves with the 11g preamble and the the Zadoff-Chu se-
quence based preamble shows almost the same performance
when the power ratio is (1 : 4.6).

4. Conclusions

In this paper, the new frame format with OFDM modulation
in which data symbols are orthogonally multiplexed with
the preamble symbols in the frequency domain is proposed.
Two preamble sequences that are based on the IEEE802.11g
short preamble sequence and the Zadoft-Chu sequence are
employed. The frequency spectrum of the 11g short pream-
ble has a margin at the channel edge to the spectrum mask
specified in the IEEE802.11g standard. On the other hand,
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Fig.16 BER vs. E /Ny (Zadoft-Chu sequence, Indoor Residencial A
channel model).

the frequency spectrum of the Zadoff-Chu sequence based
preamble spans over the whole spectrum mask and it can
carry 6/5 times more data symbols. The probability of tim-
ing synchronization has been evaluated on different channel
models through the experiments.

It has been shown through the experiments that there is
about 3 or 4 dB deterioration in timing synchronization per-
formance with the proposed preambles as compared to the
conventional preamble sequences without data symbol mul-
tiplexing. However, the synchronization performance of the
proposed scheme shows almost the same synchronization
probability as the conventional scheme at E;/Ny of more
than 8 dB on multipath channel models.

Furthermore, the transmit signal with various power ra-
tios between data and pilot symbols has been evaluated. It
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Fig.17 BER vs. E;/Ny (Zadoff-Chu sequence, Indoor Office C channel
model).

has been shown through the experiments that the best BERs
are realized with the power ratios of (Pg : Pp) = (1 : 4.6) for
the 11g short preamble sequence and (P, : P,) = (1 : 4.6) or
(1 : 8) for the Zadoff-Chu sequence. This difference comes
from the intervals between the pilot subcarriers.

It has also been shown that the synchronization perfor-
mance of the proposed frame formats suffers from the paths
with the large delays on the Indoor Office C channel model.
It is required to combine other countermeasures in the phys-
ical layer as well as in the protocol layer.
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