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Abstract — In frequency selective channel, some frequen-
cies may be in deep fade. Inherent frequency diversity in
multilevel frequency shift keying is exploited by a coding
technique called permutation code, which ensures that
the frequencies occur equally often. Information bits are
uniformly spread over the frequency band. The perfor-
mance of permutation codes and 4FSK in terms of bit
error rate is compared with convolutional codes over 50
ns and 100 ns delay spread channel.
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I INTRODUCTION

Multilevel frequency shift keying (MFSK) is an attractive
modulation scheme for wireless radio system. The advan-
tages include constant envelope and inherent frequency
diversity. Frequency-hopping spread spectrum system
(FHSS) with binary frequency shift keying (BFSK) is
employed in the Bluetooth system [2]. FHSS/BFSK and
FHSS/4FSK are supported in IEEE 802.11 wireless LAN
standard [6].

Coding and decoding techniques for MFSK modula-
tion have been widely studied. In {5] for instance, the
aathors examine and compare the performance of convo-
lutional, Turbo and Reed-Solomon codes over MFSK in
a frequency selective channel. Permutation trellis codes
are proposed by Ferreira and Han Vinck in [4] to com-
bat partial band interference and impulse noise. The
main goal of this paper is to show that permutation
block code is also a good candidate. Simulation results
show that this simple and effective coded-modulation
technique performs better than a much more complex
convolutional-coded scheme in some signal to noise re-
gion.

The channel selectively attenuates one or more fre-
quencies and sometimes causes erasures at demodulator
output. Permutation codes are designed to recover the
erasures by imposing the condition that each symbol ap-
pear exactly once in each codeword. The combination of
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permutation code and MFSK provides efficient frequency
diversity. .

Construction and examples of permutation codes can
be found in [1, 3, 4].

In the next section, we describe the system model and
a non-coherent receiver for a coded-MFSK modulation
scheme. Examples of permutation codes are provided
in Section HI. Section IV contains the channel model
and the parameters used in simulation. The simulation
results are discussed in Section V. The last section is the
conclusion.

II  SysTEM DESCRIPTION

In MFSK, we modulate the kth symbol, k = 1,2,..., K,
by a sinusoidal signal,

Sk(t) = 2E3/T3 COS(Qﬂ'fkt), 0 S i< Tgs

where F, is the symbol energy, T, the symbol duration,
and fi = fo + (k — 1)/T, the frequency. The frequency
separation is 1/T,. The K sinusoidal signals are mutually
orthogonal. We will use integers 1,2,..., K to denote the
K frequencies.

A coded-MFSK system can be represented by an
M x N matrix C = [e(i,7)] whose rows represent the
codewords, where M is the total number of messages and
N is the block length. The entries in the code matrix C
are integers 1,2,..., K. We send out the ith message
(i=1,..., M) by transmitting the signal

N-1

mi(t) = Y seip(t - iTe), 0<t< NI
=0 - -

We assume that the channel is slowly varying and fre-
quency selective. The received signal is

N-1
r(t) = o) V2Ea/Ta cos(2n fuga 5yt — 5Ts) + 65)

=0
+ n(t).
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where a.(; ;) is the attenuation associated with frequency
c{i,7), 6; is a uniform random variable distributed be-
tween 0 and 2, and n(t) is additive white Gaussian noise.

The received signal is demodulated non-coherently by
an envelope detector [8]. Let W(j, k) be the energy de-
tected during the jth symbol duration and at the kth
frequency, for j=1,...,Nand k=1,...,K,

57T 2
Wi, k) = (_/; - T(t)\f ‘;‘ cos(27 fit) dt)
i-1)T, 8

jTa 2 2
+ / r(t)y] = sin(2m fut)dt | .
G-DT, T,

Soft decoding is done by choosing the message i that
maximizes the total energy,

N
i = arg rn?.x; W(i,eli, 5)).

II1 PERMUTATION CODES

A permutation code C is a block code of length K over
the alphabet {1, ..., K}, with each symbol appears once
and only once in a codeword. Thus every codeword is a
permutation of 1,..., K. The number of codewords, |C|,
is a power of 2 less than K!. The code rate is

log,(IC)
Klogo(K)’

It is easy to see that that the minimum Hamming dis-
tance of a permutation code is at least 2, and hence every
permutation code can correct one erasure. If one of the
frequencies in MFSK modulation suffers from deep fade,
the erased symbol can be recovered after decoding.

We will li‘st three examples of permutation codes. The
alphabet are {1,2,3,4} in all three examples, as they go
along with 4FSK and are of most practical interests.

Example 1: K = 4, rate 1/2. The codewords are the
rows in the matrix

CO R QI B B 0D BB e
o N L S T T S LRI U
Mrﬁ-MH'—‘»&H#W.&-MWM&W;&I

e N . R N U C R SRR N N R R X

)

L

The minimum distance of this permutation code is equal
to 2.

Example 2: K = 4, rate 3/8.

[ ST o TSN L T
[l R I - T SN JUR )
0 = O R N R W
w;—-pml—lwwb

l_
=]
L

Example 3: K =4, rate 1/4.

b O o
[FER SN &
PN - B
=D GO W

The minimum distance of this code is 4. This code can
correct three erasures.

Example 1 and 2 are from [4]. Example 3 is obtained
by simply cyclically rotating the codewords. They can be
viewed as distance conservative and distance increasing
mapping. See {4] for more details.

IV SiMULATION MODEL

The performance is obtained by simulation of a coded
4FSK. frequency-hopping system. The symbol duration
is 1 pus. We use 4FSK modulation with 1 MHz frequency
separation. Packets consisting of 200 randomn message
bits are sent through the channel. We assume that the
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Table 1: Tapped-delay-line pafameters for indoor office
test environments

Channel A Channet B
Tab | relative average | relative average
no. delay power delay power
1 0 ns 0dB 0 ns 0dB
2 50ns -30dB| 100ns -36dB
3 110ns -100dB | 200ns —-7.2dB
4 170ns —18.0dB | 300ns -10.8 dB
5 290ns —-26.0dB| 500ns -—-18.0dB
6 310pns -320dB | 700ns -252dB
14 — T T T

f (MHz)

Figure 2: Channel response of 100ns channel

graphes for 50ns and 100ns channel are shown in Figure
3 and 4 respectively. Over the 50ns channel, the bit error
rate of permutation code and a constraint length 3 con-
volutional code are very close for Ej /Ny less than 20 dB.
For higher E;/Np, the permutation code is better,

It is interesting to see that in the 100ns channel, the

f (MHz)

Figure 1: Channel response of 50ns channel

time variation of the channel is so slow that the channel
response is constant during a packet. We hop to another
carrier frequency after every packet. Inter-symbol inter-
ference is neglected.

We use tap-delay-line model to simulate an indoor
frequency selective channel with 50ns and 100ns delay
spread [7, p.620]. The relative delay and power are tab-
ulated in Table 1. Typical channel responses of both
channels are shown in Fig 1 and 2.

V  SIMULATION RESULTS

We compare the performance of permutation code in Ex-
ample 1 with rate-1/2 convolutional code with constraint
length 4 and 7. The convolutional codes are decoded by
soft-decision Viterbi algorithm.

The bit error rates are plotted against Ky /Ny, where E,
is the energy per bit and Ny is the one-sided power spec-
tral density of the additive white Gaussian noise. The

10 performance of permutation code is better than a con-
straint length 4 convolutional code. The bit error rate of
a constraint length 7 convolutional code is alse shown in
the figure. The 64-state convolutional code exhibits an
error floor around 5 x 10~%, because the frequency selec-
tive channel causes error patterns that are uncorrectable
by the convolutional code. The permutation code has
coding gain of 4dB at bit error rate 107° over the 64-
state convolutional code.

VI CONCLUSION

We perform simulation experiment to compare the
performance of permutation coding and other coded-
modulation technique under frequency selective multi-
path channel. Although the code length of the permuta-
tion we simulate is only 4, the performance is even hetter
than the constraint length 7 convolutional code when we
are operating at sufficiently low bit error rate. Combina-
tion of permutation code and MFSK effectively provides
frequency diversity by evenly spreading the bit energy to
the MFSK symbols

2065



Bit Error Rate
—h
=)

1]

- Uncodedl
| —+- Rate 1/2 B-state Convolutional code
-1 —— Permutation Code

—t

10

Eg/N, (dB)

Figure 3: 50ns channel

(6]

(7]

18]

107k

Bit Error Rate
—
oI
«

- Unecoded 4FSK
.| —+ 8-state Convoiutional Code
-| —&— 64—state Convolutional Code
'{ = Permutation Code

12 14 16 18
E,/N, (d4B)

Figure 4: 100ns channel

24

2066

REFERENCES

L. Blake, G. Cohen and M. Deza, “Coding with Per-
mutation”, Information and Control, vol. 43, pp.1—
19, 1979.

Bluetooth, http://www.bluetooth.com.

C. Ding, F. Fu, T. Klgve and V. K. Wei, “Construc-
tions of permutation arrays”, IEEE Trans. on Inform.
Theory, vol. 48, pp-977-980, Apr 2002.

H. C. Ferreira and A. J. Han Vinck, “Interference -
Cancellation with Permutation Trellis Codes”, Proc.
Vehicular Tech. Conf., vol. 5, pp.2401-2407, 2600.

U.-C. G. Fiebig and P. Robertson, “Soft-decision
and erasure decoding in fast frequency-hopping sys-
tems with convolutional, Turbo, and Reed-Solomon
codes,” IFEEE Trans. on Comm., vol. 47, no. 11,
pp.1646-1654, Nov. 1999,

B. O’Hara and A. Petrick, 802.11 Handbook — A De-
signer’s Companion, IEEE Press, New York, 1999.

R. Rubinstein and B. Melame, Modern simulation
and modeling, Wiley, New York, 1998.

M. K. Simon, S. M. Hinedi and W. C. Lindsey, Dig-
ital Communication Techniques, Prentice Hall, New
Jersey, 1995.



