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Abstract: In the scenario of multiple wireless personal area
networks ( WPANSs) accessing the home area network (HAN), the
frequency-shift ( FRESH) filter based on the cyclostationary
theory is applied for the anti-interference at the 2.4 GHz
spectrum. The main architecture of multiple WPANs accessing
the HAN is proposed. The medium access control (MAC) -level
coordination solution applied in the access point ( AP) for the
coexistence of different communication protocols within WPAN
is discussed. The diagram of the adaptive FRESH filter is
described. The anti-interference models of the FRESH filter in the
scenario of multiple WPANSs accessing the HAN are proposed.
The minimum mean square error (MMSE) convergence property
of the FRESH filter with the change in the data point number is
analyzed. The simulation results indicate that the FRESH filter
can effectively extract the signal of interest ( SOI) from the
interference with the partly overlapped spectrum. Thus, the
excellent anti-interference performance of the FRESH filter is
validated. Moreover, by both theoretical analysis and simulation,
the MMSE convergent property of the FRESH filter is also
proven.
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he wireless personal area network( WPAN) allows per-
Tsonal electronic devices such as laptops, cell phones,
personal digital assistants ( PDA), etc. to connect within a
short distance (1 to 100 m) and to communicate without
wired connections. One key advantage of the WPAN is the
manner in which ad hoc connections can be easily and trans-
parently established among a large number of heterogeneous
devices'". There are many kinds of wireless technologies
which can be used to build a WPAN such as Bluetooth, Zig-
bee, IEEE 802. 11, etc. The home area network ( HAN) con-
sists of several networked devices and home appliances
(such as washers, air-conditioners, water heaters, etc. ) con-
nected to each other'” . The devices in HAN can usually ac-
cess public networks for sharing more resources and provi-
ding the real-time running state to remote users. The connec-
tion between the HAN and public networks such as the In-
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ternet is usually provided by a HAN gateway.

The WPAN provides an access point"”' ( AP) for personal
devices to be able to access the HAN. There are many ad-
vantages for the WPAN to access the HAN. First, personal
devices in the WPAN are often used at home. Therefore, it
makes the WPAN possible and convenient to access the
HAN. Secondly, the WPAN’s accessing the HAN not only
results in connection between WPAN devices and HAN de-
vices but also results in WPAN devices accessing public net-
works such as the Internet by a HAN gateway for sharing
various streaming multimedia. Finally, WPAN devices often
have small storage and low computation speed and the HAN
gateway usually has better hardware and software configura-
tions. If WPAN devices access public networks via their own
AP, a better hardware and software configuration will be re-
quired for every AP. When WPAN devices access into pub-
lic networks by a HAN gateway instead of their own AP, the
limited hardware and software resources of the AP can be
used to provide better performance of networking and central
control.

This paper focuses on the application of the frequency-
shift (FRESH) filter in the scenario of multiple WPANs ac-
cessing the HAN for anti-interference at the 2. 4 GHz spec-
trum based on different cyclostationary characteristics of dif-
ferent signals.

A complex-valued time-series x(¢) is said to exhibit wide-
sense( second-order) cyclostationarity with cycle frequency «
#0 if and only if the cyclic autocorrelation function'”

Ri(r) = (x (a5 )t (1= )e ™) (D)
exists and is not zero for some values of 7. In Eq. (1), {+)
denotes average over all time #; 7 denotes the lag parame-
ter.

In this paper, the main architecture of multiple WPANs
accessing the HAN and the medium access control ( MAC)
level coordination solution applied in the AP for the coexis-
tence of different communication protocols within the
WPAN are discussed. The diagram of the adaptive FRESH
filter is described. The anti-interference models of the
FRESH filter for extracting Zigbee from the IEEE 802. 11b
interference and for extracting IEEE 802. 11b from the fre-
quency hopping spread spectrum ( FHSS) interference are
proposed, respectively. It can be known from simulation re-
sults that the FRESH filter has an excellent anti-interference
performance in the scenario of multiple WPANS accessing a
HAN. Furthermore, the minimum mean square error
(MMSE) convergent property of the FRESH filter is ana-
lyzed. By both theoretical analysis and simulation, it can be
proven that the N-sample time-average realization of MMSE
converges in the mean-square sense to its real value at the
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rate of O(1/N) where N is the data point number obtained
in practical communications.

1 Multiple WPANs Accessing HAN
1.1 Main architecture

As shown in Fig. 1, the HAN consists of a gateway which
connects all home devices such as digital TVs, washers, etc.
in a wired or a wireless way. Multiple WPANSs in different
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locations access the HAN by their own AP which connects
with the HAN gateway wirelessly.

The HAN gateway provides functions that range from
central control of home devices to the interaction with public
networks. In the WPAN, the AP can be a WPAN device or a
fixed device (Fig. 1 indicates the second situation). The
WPAN is networked via an ad hoc mode so that personal de-
vices can freely access or leave the WPAN at any time.
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Fig.1 Main architecture of multiple WPANSs accessing HAN

1.2 MAC-level coordination solution

No single wireless communication technology can suffi-
ciently satisfy all the devices in the WPAN because different
devices have different demands on the transmission speed,
the working power, the cost, etc. . However, the coexistence
of various wireless communication technologies within the
WPAN may lead to a serious mutual interference prob-
lem"’. Therefore, it is essential for the AP to make multiple
wireless communication protocols compatible. There have
been many techniques for harmonizing radio frequencies
(RF) such as multi-mode RF coordination and driver-level
coordination. These two techniques have obvious weaknesses
such as decreasing device performance, leading to data pack-
ets collisions and worsening system throughput. To achieve
the coexistence of multiple wireless communication proto-
cols within the WPAN, the smart and seamless coordination
at the MAC layer'® of these protocols is adopted. This MAC-
level coordination solution exchanges the information and
manages sending/receiving operations at the MAC layer. It
is operated in the baseband at a pretty high rate.

Fig. 2 shows the diagram of the MAC-level coordination
solution applied in the AP. MAC processing chips of IEEE
802. 11b, Bluetooth and Zigbee are mutually connected by
the universal coexistence interface bus. When IEEE
802. 11b, Bluetooth and Zigbee need transmission band-
widths simultaneously, the AP uses multiplexing techniques
to allocate the bandwidths. Thus, the AP is able to satisfy

the communication requests of devices adopting different
communication protocols within the WPAN.

2 FRESH Filter for Anti-Interference in Scenario
of WPANSs Accessing HAN

In our senario of multiple WPANSs accessing the HAN,
there are a large number of wireless devices working at the
2.4 GHz spectrum. Mutual interference occurs between
WPAN devices and HAN devices. It also occurs among dif-
ferent WPANs. How to reduce or avoid these mutual inter-
ferences becomes extremely important.

2.1 Adaptive FRESH filter

We apply the adaptive FRESH filter for the anti-interfer-
ence in the scenario of multiple WPANs accessing a HAN.
According to the cyclostationary theory, most of the modula-
ted signals have characteristics of being cyclostationary'” .
Based on the cyclic Wiener filter theory'™, the adaptive
FRESH filter can be designed as shown in Fig. 3.

The discrete form of the received signal is given by

r(n) =s(n) +i(n) + w(n) (2)

where s(n) and i(n) are the signal of interest (SOI) and the
interference, respectively; w (n) is the Gaussian white
noise. They are assumed to be mutually independent.

The output of the FRESH filter is given in a matrix form by

§(n) =h"#(n) (3)
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are the frequency-shifting conjugate linear paths. «, and 8,
are cycle frequencies of s(n). P and Q are the number of
the linear paths and the conjugate linear paths, respectively.
h and 7(n) are both K-dimensional vectors,

P Q
K=2X1L+3M,
p=l g=1

where L, and M, denote the lengths of the finite impulse re-
sponse (FIR) filters k*(n) and h*(n), respectively.

To obtain MMSE, the least mean square( LMS) adaptive
algorithm is used to update the weight vectors of the filter.
The K-dimensional weight vectors are calculated by

(4

h
e e(n) =d(n) - h"(n) (5)
T T 3T T T
b=ty oo b g oo By ) h=h+u(n)f(n)e” (n) (6)
P(n) = (P, (n), ... P, (n), Py (n), ... Fg (n) ) . , .
where u(n) is the step size of the LMS algorithm and d(n)
Here is the training signal.
h, = {h*(0), h*(1), ..., h"(L,-1)}" p=1,2,...,P 2.2 Anti-interference models of FRESH filter
Fo(n) ={r(n)e”™, ..., r(n- L+ 1) gl =ttt There are many kinds of wireless communication technol-
’ p=1,2,...,P ogies working at the 2. 4 GHz spectrum. To validate the an-
ti-interference performance of the FRESH filter in the sce-
are the frequency-shifting linear paths and nario of multiple WPANs accessing a HAN, we propose the
5 s 5, . anti-interference models of the FRESH filter for extracting
hy = {n"(0), (1), ... i"(M, = 1)} q=1.2,....0 Zigbee from the IEEE 802. 11b interference and for extrac-
4 _ pusn M 4 1) el M DT ting IEEE 802. 11b from the FHSS interference, respective-
Fo () = {r(m ™™, ..., r(n =M, +1)e ) ly. See Fig.4 and Fig. 5.
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Fig.4 Anti-interference model of FRESH filter for extracting Zigbee from IEEE 802. 11b interference
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Fig.5 Anti-interference model of FRESH filter for extracting IEEE 802. 11b from FHSS interference

Fig. 4 shows the anti-interference model of the FRESH
filter for extracting Zigbee from the IEEE 802. 11b interfer-
ence. As shown in Fig. 4, the IEEE 802. 11b signal is con-
sidered as the interference i(n) which is produced by the di-
rect sequence spread spectrum ( DSSS) and the quadrature
phase shift keying (QPSK) modulation. Zigbee signal is the
SOI s(n) produced by the DSSS and the offset quadrature
phase shift keying ( OQPSK) modulation. They are mixed
by an adder and pass the additive white Gaussian noise
(AWGN) channel to produce the receiving signal r(n). At
the receiving end, the receiving signal r(n) is first processed
by the adaptive FRESH filter and §(7n) is obtained. Finally,
we obtain the estimated Zigbee signal by operations of the
OQPSK demodulation, the de-spread processing and the in-
tegral decision, respectively.

Fig. 5 shows the anti-interference model of the FRESH
filter for extracting IEEE 802. 11b from the FHSS interfer-
ence. FHSS signals in the scenario of multiple WPANs ac-
cessing the HAN include Bluetooth, HomeRF and other FH-
SS devices ( spectrum coreless phones, medical devices,
etc. ). Bluetooth, HomeRF and those FHSS devices have dif-
ferent frequency hopping rates and different information
rates. They can be considered as pseudo-random single-fre-
quency interference or multi-frequencies interference'” . As
shown in Fig. 5, the FHSS interference i(n) is produced by
the frequency hopping sequences and the binary frequency
shift keying (2FSK) modulation. IEEE 802. 11b signal is
considered as SOI s(n) which is produced by the DSSS and
the QPSK modulation. They are mixed by an adder and pass
the AWGN channel to produce the receiving signal r(n). At
the receiving end, the receiving signal r(n) is first processed
by the adaptive FRESH filter and §(#) is obtained. Finally,
we obtain the estimated IEEE 802. 11b signal by operations
of the QPSK demodulation, the de-spread processing and the
integral decision, respectively.

3 MMSE Convergent Property of FRESH Filter

According to the principle of orthogonality, this optimum
FRESH filter is given by

hopl :Rr:flrfd (7

where R,.(N) = E[#(n)#"(n)], r,,(N) =E[F(n)d" (n)].
The MMSE of the FRESH filter is given by

goplzrd(o) _rZRf;lrm (8)

where 7,(0) = E[d(n)d" (n)].

As the samples obtained in the practical communications
are finite, the MMSE performance with finite data points
needs to be analyzed.

Suppose that N samples are obtained, then the N-sample

time-average realizations of h, and ¢ , are given by

b, (N) =R, (N)r;,(N) (9)

Eq(N) =1,(0)(N) =1 (N)R; (N)r, (N)  (10)

where R,(N) =% > Hm#'(n).r,,(N) = % Y #myd’ (n),

O =Y dnd’ (n)

To obtain the theorem below which shows the convergent
property of MMSE with finite data points, we introduce the
consistent norm || || in the matrix theory'"” . It is defined as

|| x || — (xHx) 172

|4 = max( [ Ax )
where x and A are the vector and the matrix in the complex
field, respectively.

Theorem  The N-sample time-average realization of
MMSE £, (N) converges in the mean-square sense to its re-
al value ¢, at the rate of O(1/N).

Proof Two inequalities of the consistent norm are need-
ed:

H 2 2 2
[wv il < ull” vl
lu+v | *<2ul”+2]v|"

where u and v are vectors in the complex field.

EL 0 =r,(0) '] = E{ 3 tdmd” () -

n=1
N

(O] X Ldmyd (m) 7,001 | =

m=1
N

Bl Y ldmd” () =r,O)11dmd” (m) =r,0)]" }+

n=1
N

E{#Z [dm)d" (n) —r,(0)][d(m)d" (m) —r,(0)]" } =

nm=1
n#m

%E{[d(n)d*(n) -r,(O1ld(md (n) —r,(0)]"}  (11)

From Eq. (11), we have

E[ || r,(0)(N) =r,(0) | ] :0(%) (12)
From Ref. [11], it can be known that
, 1
EL | ro(N) =y '] =0 ) (13)

-1 -1 2 1
E[ | R, (N)r, (N) -R, 1, | ] :O(ﬁ) (14)

E[ | 1y Ry'roy = 1o (N)RG (N (N) || °] =
E{| [rzi_rZ(N)]Rf;](N)rm(N) +



Anti-interference performance analysis of frequency-shift filter in scenario of multiple WPANs accessing HAN 137

r:l[Rf;lrfd _RF;I(N)rfd(N)] [ SIS

2E{ || [ry —ra(N) IR, (N)r,,(N) ||} +
2E( || riul R, 7y = RS (N1 (M) ]| BES
2E{ || 1o =1:(N) |7 | R (NP (N) ||} +
2E{ || 7o || " | R 1oy =Rz (N1 (N) || 7}

Using the boundedness of |R,'(N)r,(N)|* and ||r,, |’
together with Eqs. (13) and (14), it can be concluded that

(15)

H -1 H -1 2 1
E[||ry Ry 1y —1yy(N)R (N)ro,(N) || 7] =0(ﬁ) (16)
E[&,(N) =€, 1 =E{ | r,(0)(N) =ri( N)R;'(N) -
ry(N) = [r,(0) _r?de_fl Tial |l Z}S
2E{ || r,(0)(N) =r,0) || *} +

2E( || iy R;'ryy — (MRS (N)ry(N) |7} (17)
From Egs. (12) and(16), we have
2 1
EL | (V) =60 11 =0 (18)

This theorem indicates that the MMSE of the FRESH fil-
ter converges in the mean-square sense to its real value at
the rate of O(1/N). Therefore, if the data point number ob-
tained in the practical communication system is great
enough, MMSE will be very close to its optimal value.

4 Simulation Results
4.1 Simulations of anti-interference performance

All the simulations of the anti-interference performance
for the FRESH filter are carried out by Matlab Simulink tool
in the equivalent baseband condition.

In the simulation of the anti-interference model for extrac-
ting Zigbee from the IEEE 802. 11b interference, the param-
eters are set as below: The rate and the central frequency of
the Zigbee signal are set to be 250 kbit/s and 2. 430 GHz;
the rate and the central frequency of the IEEE 802. 11b sig-
nal are set to be 2 Mbit/s and 2. 442 GHz; orders of every
FIR filter are all chosen to be 11; the signal to noise ratio
(SNR) of the AWGN channel is set to be 10 dB. The
FRESH filter adopts the LMS adaptive algorithm. The spec-
trum of the mixed signal and the spectrum of the estimated
Zigbee signal are shown in Fig. 6. Here, we assume that the
power of the Zigbee signal and the power of the IEEE
802. 11b signal are at the same level.

From the spectrum comparison, it can be known that the
adaptive FRESH filter is effective in extracting the Zigbee
signal which is partly interfered with by the IEEE 802. 11b
signal at the 2. 4 GHz spectrum.

In the simulation of the anti-interference model for extrac-
ting IEEE 802. 11b from the FHSS interference, the parame-
ters are set as below: The rate and the central frequency of
the IEEE 802. 11b signal are set to be 2 Mbit/s and 2. 442
GHz; the frequency hopping sequence is a random sequence
with a rate of 200 hop/s; the two frequency points are set to
be 2. 442 9 and 2. 441 7 GHz; orders of every FIR filter are
all chosen to be 11; the SNR of the AWGN channel is set to
be 10 dB. The FRESH filter adopts the LMS adaptive algo-

rithm. The spectrum of the mixed signal and the spectrum of
the estimated IEEE 802. 11b signal are shown in Fig. 7.
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Fig.6 Anti-interference performance of FRESH filter for
extracting Zigbee signal from IEEE 802. 11b interference.
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Fig.7 Anti-interference performance of FRESH filter for
extracting IEEE 802. 11b signal from FHSS interference.
(a) Mixed signal; (b) Estimated IEEE 802. 11b signal

From the spectrum comparison, it can be known that the
adaptive FRESH filter is effective in extracting the IEEE
802. 11b signal which is partly interfered with by the FHSS
signal at the 2. 4 GHz spectrum.

4.2 Simulation of MMSE convergence property

The MMSE convergence property of the FRESH filter is
shown in Fig. 8. In the simulation, ¢, is determined by cal-
culating the time average of 2 000 data samples. The Y-axis
denotes the normalized mean square error, given by E{ || &,
=& (N) | VEL{| Eopt |l *}. Every value is calculated by
averaging ten independent simulation results. As shown in
Fig. 8, the curve with “ +” denotes that the normalized mean
square error converges as the data point number increases.
The curve with “ % ” converges at the rate of ¢/N(c is a se-
lected constant) . It is clearly observed that these two curves
have a consistent convergence rate. As proven in our theo-
rem, £,,(N) converges in the mean square sense to its real
value at the rate of O(1/N).
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Fig.8 MMSE convergence property of the FRESH filter

5 Conclusion

In this paper, the FRESH filter is applied in the scenario
of multiple WPANs accessing a HAN for the anti-interfer-
ence at the 2.4 GHz spectrum. It can be known from the
simulation results that the FRESH filter has an excellent an-
ti-interference performance. Furthermore, the MMSE conver-
gence property of the FRESH filter with the change in the
data point number is theoretically analyzed. The simulation
results indicate that if the data point number obtained in the
practical communication system is great enough, MMSE of
the FRESH filter will be very close to its optimal value.

The FRESH filter solution to the mutual interference
problem at the 2. 4 GHz spectrum allows an anti-interference
mechanism to work at the device end. It can be used in a
mass mutual interference environment. The FRESH filter can
be designed in the form of plug and play ( PNP) so that
WPAN devices can use it easily. It indicates an optimistic
application prospect.

References

[1] Lillie A G, Nix A R, Fletcher P N, et al. The application of

iterative equalisation to high data rate wireless personal area
networks [J]. IEEE Trans Consumer Electronics, 2002, 48
(3):743 —753.

Pourreza H, Graham P. On the fly service composition for lo-
cal interaction environments [ C ]//Proc of IEEE
PERCOMW’ 06. Pisa, Italy, 2006, 1: 393 —399.

[3] Ahmad M R, Rahman T A. Multimedia transmission over in-
terworking of Bluetooth WPAN and IEEE 802. 11g WLAN
networks [ C]//Proc of Tth IEEE Malaysia International
Conference on Communication and 13th IEEE International
Conference on Networks. Kuala Lumpur, Malaysia, 2005, 1:
380 —383.

[4] Gardner W A. Exploiting spectral redundancy in cyclostation-
ary signals [J]. IEEE ASSP magazine, 1991, 8(2): 14 —36.

[5] Chiasserini C F, Rao R R. Coexistence mechanisms for inter-
ference mitigation in the 2. 4-GHz ISM band [J]. IEEE Trans
Wireless Communications, 2003, 2(5) : 964 —975.

[6] Texas Instruments. Wireless performance optimization solu-
tions: Bluetooth and 802. 11 coexistence [ EB/OL]. (2003)
[ 2007-12-05 1. http: //focus. ti. com/lit/ml/spltl45a/
spltl45a. pdf.

[7] Gardner W A, Brown William A, Chen Chin-Kang. Spectral
correlation of modulated signals: part ][ —digital modulation
[J]. IEEE Trans Communications, 1987,35(6):595 —601.

[8] Gardner W A. Cyclic wiener filtering: theory and method
[J]. IEEE Trans Communications, 1993,41(1):151 —163.

[9] Mei Wenhua, Wang Shubo, Qiu Yonghong, et al. Frequen-
cy hopping communications [ M]. Beijing: National Defence
Industry Press, 2005. (in Chinese)

[10] Hom Roger A, Johnson Charles R. Matrix analysis [ M].
Beijing: Posts & Telecom Press, 2005.

[11] Zhang J, Wong K M, Luo Z Q, et al. Blind adaptive FRESH
filtering for signal extraction [J]. IEEE Trans Signal Pro-
cessing, 1999, 47(5): 1397 — 1402.

[2

—

ZT LN BMRANKEBMIFSHINB R KSR T IR D

¥ 4R,

hEF RER RHH W H

(ABAXFHHARRAERELEERE, ¥R 210096)

WE. £ %M REARM (wireless personal area network , WPAN) 3 A\ 2 3% M (home area network , HAN) 3% % ¥ |
B TR AR 0 SAAS ek 25 2 2. 4 GHz SRR 693 T . iR T S MR AN BN TIRW 49 Bk 2
M, T B A TN E GG 9 4% %) (medium access control, MAC) 2 W AE i i 7 2 VAJRIE % AN K 8 12
WEHTALEANBRA, L ETAENRASEEBOER, RETESAMAALEANABMBENRTHEN T 7 PR
AU BT AR, 5 TS RIR B R AN T R EZMBIBERR BTG SORE. 47 A4 R AW 2 A
AL BB IR BT AZCERIA A5, A ®3iE T AR B0 R e TR sk, sush 47 AT
WAE T W3 5 ATAF 69 345 I8 I B 5 39 7 3R 2 I s

KGR IR F AL A IR B TR RAEAM TR b H ik 2

& 4y %2 . TN92 ; TNOTS. 4



