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Abstract
The negative impact on communication performance in wireless multi-hop communication net-

work caused by limited bandwidth, high bit error rate (BER) , fading, noise and interference is al-

leviated by an adaptive filtering game based on frequency subbands selection and predetermined

threshold. Such threshold is being obtained in Gaussian and multipath fading channel according to

the frequency-matching principle and BER performance. The dynamic selection of subbands will ob-

tain high use efficiency without the help of frequency hopping, and propound a new thought to im-

prove band limited communication for wireless multi-hop communication network. The effectiveness

of the adaptive filtering method has been verified by interleaving spread spectrum orthogonal frequen-

cy division multiplexing (ISS-OFDM) in different interference conditions, and the simulating results

based on network simulator 2 (NS2) indicate that system BER can be improved greatly.

Key words: multi-hop communication, adaptive filtering, interleaving spread spectrum orthog-

onal frequency division multiplexing (ISS-OFDM) , interference suppression

0 Introduction

Wireless multi-hop network , with the typical form
of ad hoc network and wireless sensor network , is usu-
ally a kind of self-organized distributed network, with-
out any central entity. Since no infrastructure or cen-
tralized control unit exists, the nodes can move ran-
domly and need to observer or communicate hop by
hop. So each node in such kind of network is the ter-

. 1,2
minal as well as a router' '’

. As an important compo-
nent of the modern communication system, the wireless
spectrum sharing makes this kind of network suffer a
lower transmission bandwidth'®>'. Moreover, the char-
acteristic of the mobile nodes or sensors contending for
the channel makes the real bandwidth occupation far
smaller than the maximum transmission rate provided
by the physical layer. It is the arbitrarily moving char-
acteristic of the nodes that will induce the dynamical
changing of the network topology, which will worsen
the effect on system performance of limited bandwidth,

link capacity flapping, high bit error rate and so on.

With the addition of factors like multiple access, fa-
ding, noise and interference, throughput of wireless
mobile multi-hop network is always much lower than
the maximum wireless transmission rate. Therefore, a
kind of self-adaptive filtering technique is always
adopted to alleviate the impact on the deep fading of
subband signal in subcarrier groups so as to realize
wireless channel interference suppression and to im-
prove the communication performance *®'. The redis-
tribution of transmitting signal power out of the frequen-
cy subband, however, will be sure to increase the en-
ergy of the residue subband signal, and will extend the
interference effect, which has seldom been considered
in the existed researches. An ISS-OFDM ( interleaving
spread spectrum orthogonal frequency division multi-
plexing ) signal transmitting based adaptive filtering
mechanism has been put forward in this paper for wire-
less multi-hop communication, which will enhance the
selectivity of multi-frequency subbands transmission by
the adaptive interference determined threshold in
Gaussian and multi-fading channel. This novel mecha-
nism will bring light on an adaptive data transmission
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technology of dynamic subband without any help of fre-
quency hopping.

The rest of this paper is organized as follows. Sec-
tion 1 reviews the previous work, as well as the genera-
ting and receiving process of ISS-OFDM. The receiver
adaptive filtering approach is presented in Section 2,
and Section 3 addresses the setting of determined
threshold for Gaussian channel and the multiple fading
channel respectively. The system performance with rel-
ative analysis is provided in Section 4. Finally, a con-
clusion is drawn in Section 5.

1 Motivation and description

The generating and receiving process of ISS-

OFDM is shown in Fig. 1, the system model of which
consists of transmitter, receiver and wireless channel.
The transmitter includes a serial-parallel converter
(SPC), a complex exponential spread-spectrum modu-
lator, a interleaving adding cyclic prefix (ACP) mod-
ule and a sending filter'”*’ | where the complex expo-
nential spread-spectrum modulator and interleaver will
co-generate multiple subband interleaving spread-spec-
trum OFDM signals'®'"!.
adaptive filter, adding-removing cyclic prefix (ARCP)
module, parallel fast Fourier transform ( FFT) demod-

The receiver includes an

ulator, frequency-domain equalizer and maximal ratio
combining (MRC) which has been adopted to filter out
the useful part in multiple subband signals to restore

the original information.
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Fig.1 Schematic diagram of system model

The generation of multiple subband signal is
shown as follows' """ . o,;(i =0,1, --+,N) represents
the ith complex symbol of N outgoing quadrature phase
shift keying ( QPSK) symbols, which will produce a
multi subband OFDM signal after modulation and inter-
leaving. N x 1 parallel QPSK symbols from series-par-
allel conversion are modulated by corresponding N sub-
carriers. If OFDM symbols cycle is T, f; = i/T, repre-
sents the [th frequency of N orthogonal sub-carriers,
and o; will be modulated by the ith at ¢, where ¢ =
nT/N,n =0,1,--- N — 1. The modulated signal on
the ith branch at the nth moment will be expressed as

y(n) = aieﬂﬂit = aieﬂmiw (1)

In an OFDM symbol cycle T,, N x1 data symbol
vectors are modulated by the same sub-carrier. So the
input vectors will generate an N x N sample matrix after
modulating. If the ith sub-carrier has been transferred
first and 7 is the interval, there will be 7 = T./N* and
an OFDM symbol with N* samples will be formed by
adding all sub-carriers after being transferred. The mth
sample can be represented by y(m), m = nN +i, i =

0,1, ,N* -

1, as follows:

NN

y(m) = > > v, (n)slm ~i~-nN] (2)
where [ m — i — nIN] is the unit impulse as

. 1, m=nN+1i

8[m —i - nN] —{0’ m o N + i (3)

y(m) by interleaving only has nonzero value when
there ism = n/N + i, and in this case, y(m) can be re-
presented as

y(m) =y(aN +i) =y, (n) (4)
wherem = nN +iandn, i =0,1,--- N - 1.
subband
OFDM signals could be obtained by time domain signal

Frequency domain form of multiple

y(m) being fast Fourier transformed as shown in

Eq. (5).
Y(k)

N-1

FETLy(m) ) = N> ae5( (k= 0),)

N-1

N-1 . e
S e LY o s
i=0 N n=0

wherei, p =0,1,---,N - 1.
From all above, OFDM symbols are composed of
N subbands and each data symbol «; has been modula-

ted to every kth sub-carrier, which can be called multi-
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ple subband signal of interleaving spread spectrum
OFDM. The signal outline in N frequency subbands
condition can be shown in Fig. 2.
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Fig.2 Sketch map of N subbands ISS-OFDM outline
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When the signal is transmitted in multipath fading
channel, impulse delay replica caused by the reflection
and scattering will produce unexpected interference.
Assuming h(m) is the unit impulse response to mul-
tipath fading channel and y(m) is the corresponding
transmitting signal, the received equivalent low-pass
signal can be regarded as the sum of convolution of
h(m) and y(m) , the noise and the interference j(m)
will be shown as

r(m) = h(m) @ y(m) +n(m) +j(m) (6)
where n(m) represents the unexpected white complex
Gaussian noise.

Effect of interference detection from the receiver is
to demodulate parts of ISS-OFDM multiple subbands
through parallel FFT, and to compensate channel dis-
tortion by frequency-domain equalization and maximal
ratio combining, so as to obtain a series of decision
variables V,. Here whether the signal being interfered
through the subbands of receiving filter will be sup-
pressed, eliminated or not depends on the degree of
impact on the transmitting signal.

2 Receiver adaptive filtering

The purpose of receiver adaptive filtering proposed
in this paper is to change the pass band dynamically to
make it approach to the available subbands of ISS-
OFDM as closely as possible, and to greatly suppress
the interference without any information loss based on
predetermined threshold.

2.1 Impulse response to receiver filtering

The cosine roll-offs function model'"*""”’ has been
adopted according to the characteristics of wireless mo-
bile multi-hop communication network. The unit im-

pulse response can be shown as

sin[w%(l—B)]+4ﬂ%cos[fn%(l+ﬁ)]
p(m) = : o
w1 - (487) ]

(7)

where T is the sampling cycle, m is the time variable
and B is the rolloff-factor "***" which takes 0.22 in this
paper.

Different settings of sampling cycle T, and filter
order will obtain different filter impulse responses to
match different numbers of frequency subbands. A
form of adaptive filter impulse response can be seen in
Fig.3(a), the frequency domain response to which
can be obtained by discrete Fourier transmission, as

shown in Fig.3(b).

Adaptive filter unit impulse response with diffierent parameters
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2.2 Receiver multiple subbands signal filtering

The process of multiple subbands signals passing
the adaptive filter can be regarded as the convolution of
the received signal and filter impulse response. The
output signal of filter is shown as

y(m) =r(m) & p(m) (8)
where y,(m) represents the signal after filtering, and
p(m) is the filter unit impulse response.

If the bandwidth of the adaptive filter is designed
to be equal to that of N subbands, the signal in the fil-
tered passband will include N frequency subbands and
each one will carry the entire original signal transmit-
ting information. If the bandwidth M of the designed
filter and number of sub-carriers N satisfy the relation
of M< N, the only M subbands may pass the filter,
that is to say, only M frequency subbands can be re-
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ceived and the transmitting information will be recov-
ered by these M subbands. In the extreme case that the
filter passband equals to single transmitting subband,
this system model will degenerate to the traditional
OFDM system.

The interference will exert an unexpected influ-
ence if the superposition on some subband reaches
threshold y,, and all the interfered subbands will be
filtered out. All the subbands will be allowed to pass
with the interference lower than threshold y,, which
means such kind of interference will hardly produce
any serious result. Fig. 4 shows the process of 8 subba-
nds passing the adaptive filter.

Sb3
5 Sl Sb2 Sb4 SbS Sb6 ad Sb8
Bl mn (T
L (N 11
\m\ LY H‘H”‘\ I
% = “‘—_W T { oy \J[ ;
J\‘uls\l:"} H\: ‘ [‘JJ'\H T w I "l”
Frequency
(a) Subbands of signal before adaptive filtering
.4 Two Subbands Three Subbands A single subband
g
-

Frequency
(b) Subbands of signal after adaptive filtering
Fig.4 Filtering process of signal with 8 subbands

From Fig.4(a) and Fig.4(b), it can be seen
that the 3rd and 7th subbands have been filtered out
since the interference power past threshold 7y, , and the
5th subband has remained because of its low interfer-
ence. In such case, the adaptive filter passband could
be set to the bandwidth of the 2nd, 3rd or a single sub-
band of the transmitting signal respectively, which will
obtain a bandwidth of two, three, a single subband or
their combinations after filter. Transmitting signal with
different numbers of subbands will match flexibly to fill
the spectral void.

3 Setting of determined threshold

The discussion above takes vy, as the known condi-

tion, and we will study how to obtain this threshold.

3.1 Determined threshold in Gaussian channel
Suppose M signals in those of N received frequen-
cy subbands are used for demodulation by a filter, and
the power of each subband signal is Pg. If the power
spectral density of the noise is IV, the general power of

interference signal on effective frequency band is P,,
and the bandwidth is B,, which are distributed on / of
M transmitting OFDM signal subbands. So power of all
M subbands is MPg, and signal-to-interference and
noise (SINR) can be obtained by Eq. (9).
__M-Ps _ SNR (9)
NeM -B+P, 1+INR

where SNR = Py/N,B, INR = P,/N,MB represents
interference- to-noise, and B is the bandwidth of a sin-
gle subband.

If the processing gain of a single subband is G,,
SINRy,,, is the sum of SINR, of all M subbands as
shown in Eq. (10).

SINR,,

SINR,, = M+ G, - SINR, = o Cr " SNK
Total P v 1 + INR
(10)
Similar to the derivation of SINR,,, if the inter-
fered subband has been filtered out, the corresponding
interfering power P, will also be removed completely.
Then SINR through the adaptive filter will be trans-
formed to Eq. (11).
_ M- - Py (11)
N,(M-1) -B
From Eq. (10) we can see that after filtering out [

SINR,,_, = SNR

interfered frequency subbands as well as considering the
processing gain of a single subband, the total SINR,,,
of M-l subbands will be obtained by Eq. (12).
SINR},.. = (M = 1) - G, - SINR,,_,
(M-1)-G,-SNR (12)
Since the signal energy it distributed on the whole

frequency band and in the meantime the interfered [
subbands is filtered, the signal distributed on this [
subbands will be filtered out as well, which will inevi-
tably cause partial loss in signal energy. Hence, it is a
significant step to filter it out selectively from all [ fre-
quency subbands in a reasonable way to realize inter-
ference suppression and not to destroy the signal recon-
struction at the same time. We make the compromise
available by calculating the interference threshold
adaptively to direct the filtering dynamically in this pa-
per. In a Gaussian channel, the performance of BER
depends on the normal SNR or SINR. The bigger SINR
will perform better. So the interference threshold could
be obtained by adjusting SINRY,,, and SINR;,,, to satis-
fy Eq. (13).

SINR3,,, > SINRy,,, (13)

To substitute SINR},,,in Eq. (10) and SINR?,,,in
Eq. (12) into Eq. (13), there is

INR > (14)

M_ZZYO

where 1y, is the interference threshold.
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From Eq. (14) it can be seen that INR threshold
vois related to M (number of transmitting frequency
subbands) and [ ( number of interfered subbands in
Gaussian channel ). Given the number of interfered
subbands [ (I = 1,2,4,8), INR threshold will de-
crease with the increase of the number of M. And if
given the number of transmitting subbands M, INR
threshold will increase with the increase of the number

of interfered subbands .

3.2 Determined threshold in multi-fading channel

The randomness of fading in a multipath fading
channel will result in constant threshold in Gaussian
channel not available. The system BER statistical per-
formance in a multipath fading channel has been ana-
lyzed in this paper so as to obtain an estimation of the
threshold. Based on Eq. (10) and considering the im-
pact of multi-fading, BER could be expressed by
Eq. (15) before being filtered out from interfered fre-
quency subbands with the irrelevant part substituted by
function Q.

M-1

Pl = EC[Q( /z | HP|2SINR'W)]

p=0

mlo [ vmie SM] - as)

p=0
where E . ( +) is the statistical expectation of conditional

error probability in a multiple fading channel, and the
summation item of | H, | ®is the sum of M multiple fa-
ding channel parameters on M sub-carriers. Since
QPSK has been adopted, there will be SNR =
(2/M)E,/N, where E,/N, is the ratio of signal bit en-
ergy to noise spectrum density. Therefore, Eq. (15)
will be re-represented to Eq. (16).

g ol /S 22 E,/NO)

" E‘[Q(M /;) T INR ]
(16)
Similarly, the system BER can be obtained by
Eq. (17) after being filtered out from interfered subba-

nds, where the parameters share the same definition as

in Eq. (16).

Pl = Ec[‘?( /]}4112101| lezszj)")] (17)

The system BER performance changing with INR
on 16 transmitting frequency subbands with E,/N, =
10dB in the multiple fading channel has been simula-
ted based on NS2'"' in this paper. The simulating
result in Fig. 5 indicates that the system BER perform-
ance in the multipath fading channel shows a flat
trend, when the interfered subbands (I =1,2,4,8)
with the same E,/N, are filtered out. The intersection
points of BER curves in Fig. 5 correspond to interfer-
ence threshold of / =1,2,4 and 8 respectively, and
that are —11dB, —-7.5dB, -4.0dB and 1dB.

10° ¢ . ‘ : ‘
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[ ———BER for M=16
10" f —e— Interfered subbands /=1 e
[ —=— Interfered subbands /=2 i
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5 E —— Interfered subbands /=8 e
mn e P>
107 £ / M=16 E
ot V(// d o]
;y),__m 55 oo e - o—o—-of -
[ Different numbers of interfered subbands
L 1 L

-15 -10 -5 0 5 10
INR(dB)

Fig.5 INR threshold in multipath fading channels

The corresponding thresholds in Gaussian chan-
nels can be obtained by Eq. (15). Comparisons of re-
sults in these two channels with the number of transmit-
ting subbands as M =2 ,4,8,16,32 have been presen-
ted in Table 1. From this table we can see that the
difference between the multipath fading channel and
Gaussian channel decreases with the increase of the
number of transmitting subbands and approaches to ze-
ro when there is M =32. That is to say, the threshold
in Gaussian channel can be taken to replace that in the
multipath fading channel with the same condition when
the transmitting subbands adopted are more than 32.

Table 1  Comparisons of thresholds(dB) in Gaussian channel and the multipath fading channel with E,/N, =10dB
( G-Gaussian; M-Multiple Fading)
X M =2 M =4 M =8 M =16 M =32
Interfered Subbands
M G G M G M G M
=1 0 4.9 -4.8 -8.5 -5.5 -11.8 -11.0 -14.9 -14.5
[ =2 - - 0 -4.8 -2.0 -8.5 -7.5 -11.8 -11.5
l =4 - - - 0 3.0 -4.8 -4.0 -8.5 -8.5
l =8 - - - - - 0 1.0 -4.8 -4.5
D-Value ~4.9 ~3.2 =~3 ~1.0 ~0.3
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4 System performance analyses

The judgment will carried out based on the ob-
tained INR threshold, and the interfered frequency
subbands which exceed the threshold will be filtered
out, or else be kept to extract the information. The
system BER of a single interfered subband can be seen
in Fig. 6 with y, =3dB when the number of transmit-
ting subbands satisfies M =2,4,8,16,32.

100 T T T T T T
Interference of INR=3dB
10" Subbands M=2 3
—&— Subbands M =4
1072E Subbands M=8
E& Subbands M =16
m10°L —<— Subbands M=32 4

10*E  Different numbers N
of frequency subbands
10°F

! 1 L

0 5 10 15 20 25 30 35
E,/N, (dB)

Fig.6 BER figures of subbands with interference

10°°

And Fig. 7 shows the system BER performance af-
ter the interfered subbands are filtered out. It is not
difficult to notice by comparing that the BER perform-
ance has improved by 0.5dB ~ 5dB after interference
suppression when M =4,8,16,32. The system per-
formance with M =2, however, turns bad, which is
because the signals are removed when the frequency
subbands with interference threshold 7y, lower than the
filtering threshold y, =4.9dB are filtered out.

10°
IAﬂer intlerfered siubbandsI being ﬁlllered oull :
10" Subbands M=2 ]
—&— Subbands M =4
102 Subbands M=8 ]
Subbands M =16
o103 L i “~—*— Subbands M =32
Different numbers
\of frequency subbands
10*L s
10°L
1 ()’6 1 L 1 N 1

1 n 1
0 5 10 15 20 25 30 35 40
Ey/No(dB)

Fig.7 BER figures of subbands without interference

These subbands may be selected randomly to
match the spectrum gap without adopting a complex
frequency hopping way based on the adaptive filtering
game proposed in this paper. Moreover, some inter-
fered subbands which are suppressed by the adaptive

filtering will make ISS-OFDM signals turn to be series
of subbands segments as shown in Fig.4. These dis-
crete frequency subbands can be demodulated and
equalized respectively, then distributed on the corre-
sponding sub-carriers of each subband. Such an ap-
proach can not only save the limited power, but also
improve the spectrum utilization.

5 Conclusion

An ISS-OFDM based adaptive filtering mechanism
with predetermined interference threshold has been
proposed in this paper through adjusting the filter pass-
band dynamically to match the corresponding effective
frequency band for wireless multi-hop communication
network. Such an adaptive approach takes full use of
the transmitting subbands including parts of the inter-
fered ones so as to save the signal power greatly. The
random utilization of frequency subbands in a broad
spectrum range is allowed without adopting the complex
frequency hopping way. We have obtained the corre-
sponding interference thresholds of Gaussian channel
and the multipath fading channels by calculation-deri-
vation and statistical method respectively in this paper.
Simulating results based on NS2 show that the adaptive
filtering mechanism and dynamic transmitting subbands
selection algorithm have a positive significance to alle-
viate the limited spectrum and energy resources for

wireless multi-hop communication network.
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