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ABSTRACT as a flat Nakagamir fading medium [5] and the transmitted signals

) ) are also exposed to Patial Band Gaussian Interference (PBGI) [1, 2].
In this paper we propose two novel low-complexity, low-delay era- \yve derive the exact Probability Density Functions (PDF) of the de-
sure insertion schemes, namely the Output Threshold Test (OTT)  isjon variables used for making erasure insertion decisions associ-
and joint Maximum Output and Ratio Threshold Test (MO-RTT).  51ed with the OTT, RTT and the MO-RTT erasure insertion schemes
The employment of the OTT and MO-RTT s beneficial in the e flat Nakagamin fading channels, under both the hypotheses that
contex_t of_the ‘Errors-And-Erasures (_EAE)’ Reed-Solomon (RS)  he M-ary demodulated symbol is corredi() and incorrect Ho).
decoding in a Slow Frequency-Hopping based Spread-Spectrum These PDFs are then used for investigating the characteristics of the
(SFH/SS) system using\/-ary Frequency-Shift Keying (MFSK). o711 RTT as well as MO-RTT over the above-mentioned Nakagami-
The SFatIStICS. of the erasure insertion related. decision yarlables m fading channels. The performance of the RS coded SFH/SS system
associated with the OTT, MO-RTT as well as with the Ratio Thres- using MFSK modulation assisted by EAE decoding employing the

hold Test (RTT) are investigated, when the channel of each FH OTT, RTT and MO-RTT is estimated and also compared with each
slot is modeled as flat Nakagamin fading. The transmitted sig-  iher

nals also experience both Additive White Gaussian Noise (AWGN)
as well as Partial-Band Gaussian Interference (PBGI). The per-
formance of the proposed erasure insertion schemes and that of
the erasure insertion scheme using the RTT is investigated and
compared in the context of RS coded SFH/SS systems using MFSK
modulation.

2. SYSTEM OVERVIEW

The system under consideration was described in [1, 2], and the reader
might like to consult these references for their description. In the sys-
tem considered SFH/SS using MFSK modulation, noncoherent de-
modulation based on square-law detection, and an extended, BS(
1. INTRODUCTION code over GEY) are employed. We assume thdt= N = 2° > 4,

so that each-bit RS code symbol describes afi-ary MFSK symbol.
In Slow Frequency-Hopping Spread-Spectrum (SFH/SS) wireless syith the aid of SFH spreading and MFSK modulation, the transmitted
tems Forward Error-Correction (FEC) codes, such as for exampdégnal can be expressed as
Reed-Solomon (RS) codes are often used, in order to mitigate the - -
performance degradation due to background noise, intentional and s ,
unintentional interference as well as due to channel fading [1, 2]. s(t) = V2P, R Z Z Pr. (¢ = nTe) Pr,(t = i)
In the context of RS coded SFH/SS systems using MFSK modula-
tion, ‘Errors-And-Erasures (EAE)’ decoding is preferable to ‘Error- reos 2n(fn + fi)t +on @], (1)
Correction-Only (ECO)’ decoding, since EAE decoding can typicall)(NherePs is the transmitted symbol's power without FER, is the
achieve a significantly lower codeword decoding error probabilityCoding rate,Pr. (¢) and Pr. (f) are unit pulses of duratiohi. andT,

than ECO decoding, provided that a reliable erasure insertion SChe%%pectively whilel’. andT. are the EH dwell interval and MESK

is invoked. In recent years the performance of RS coded SFH/SS s;g,— bol duration, respectively. We assume thalFSK/RS symbols
tems using EAE decoding based on erasure insertion schemes, j\icr‘ transmitted i’n each FH dWeII interval i.@&. — LT.. Further-

as the Ratio Threshold Test (RTT) [3] or the Bayesian approach [ ore, in Equation (1)f, is the hopping frequency during theth

has received wide attention. hopping interval,f; is theith tone frequency associated with thk

In this contribution two novel erasure insertion schemes, ”ame{}’ansmitted MFSK/RS data symbol. Finally, ande; are random
the Output Threshold Test (OTT) and joint Maximum Output and R"’bhases during theth FH interval and théth symbol interval.

tio Threshold Test (MO-RTT), which have simil_ar complexity tothe' 1o EH patterns are modeled as sequences of independent ran-
classic RTT [3] are proposed for employment in RS coded SFH/Sg), yariables, each of which is uniformly distributed over the set of
systems using MFSK modulation. Their performance as well as thgiimate FH frequencies. For each FH tone, the channel is modeled
performance of the RTT is investigated, when the channel is modelg a frequency non-selective fading process obeying Nakagami-

This work has been funded in the framework of the IST project IST-1999diSt_ribution [5]. However, different '_:H ’Fones encounter independent
12070 TRUST, which is partly funded by the European Union. The authof@ding. Furthermore, the communication channel is assumed to be
would like to acknowledge the contributions of their colleagues. contaminated by both PBGI [6] and Additive White Gaussian Noise

n=-—00 i=—00
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(AWGN). The PBGI occupies a fraction < 1 of the band, and the The ratio involved in Viterbi's RTT is defined as the ratio of the
power spectral density of this contaminating sourc&’ig2p. The  maximum to the ‘second’ maximum [3], or equivalently, it can be de-
AWGN is included in the analysis for modeling the receiver’s thermdiined as the ratio of the ‘second’ maximum to the maximum, which
noise, and it has a uniform spectral density\ef/2. Thus, in the por- can be expressed as= Y>/Y1, 0 < A < 1. Similarly, in order to

tion of the frequency band contaminated by PBGI, the total two-sideghalyze the EAE RS decoding performance in terms of the RTT, the
power spectral density of the noisel§, /2 = N;/2p + No/2. In  PDFs of fx(r|H1) and fx(r|Ho), given that the associated demodu-
the remainder of the band, the total noise power spectral densityl&ed symbol is correcti{;) and incorrect ) are required.

Nn/2 = No/2. ) Finally, in the context of the joint MO-RTT, the erasure insertion
The demodulator consists of a bank fof parallel noncoherent ;5 paseqd on the observation of both the maximyimof (3) and the
square-law detectors [6]. The detectors are followed by a decisiQQ;i; ) — Ya/Yi. Hence, the joint two-dimensional (2D) PDFs of
device that employs a threshold test. The decision whether to er € \(y,r|H:) and fy, A (y, 7| Ho) are required, in order to estimate
a low-confidence symbol or not is made independently for each RR."EAE RS decodiné; performance in terms of the joint MO-RTT
coded MFSK symbol.  For those MFSK/RS symbols that are nqi g re insertion scheme. Note that, bpth(y|Hy) and fx (r|Hy)
erased, standard hard-decision demodulation is employed. The d&iciitute the ‘marginal’ PDFs of the joint PDF @, (v, |Hy)
cision device is followed by ar-ary symbol deinterleaver and a associated withi € {0, 1}. Hence, their corresponding PDFs can be
decoder that employs EAE based RS decoding. derived from the joint PDFs ofy, x(y, 7| Hy) in terms of the MO-
RTT.

The joint PDFs oft; and\ under the hypothesd$; of correction
decision and{,, of erroneous decision, respectively, can be expressed

3. STATISTICS OF THE ERASURE INSERTION RELATED
VARIABLES

In this section, various erasure insertion schemes using the OTT, rRTT
and the joint MO-RTT are investigated and the PDFs of the quantities

involved in these erasure insertion schemes are derived. From these (M —1)y m "

PDFs, we can gain an explicit insight into the properties of the re- Frialy,r|Hy) = Pn, (Hy) (m ¥ %>

lated erasure insertion schemes. Furthermore, with the aid of these "

PDFs, the corresponding RS codeword decoding error probability us- -exp {— (m = + r) y:| [1 — exp(—yr)™ 2

ing EAE decoding can be estimated using a numerical approach.

Let H; and Ho_rgpresent the_ hypotheses (_)f correct decisions aF (1=m1,— Yely L 0<y<oo, 0<r<I1, (5)
and erroneous decisions, respectively, concerning/aary symbol m+ e
in the MFSK demodulator using hard-detection. Furthermore, let (M —1) m m
Py, (H1) and Py, (Ho) be the average correct and erroneous sym- Ivia(y,r|Ho) = P (H y{ ( >
bol probabilities, respectively, for a given valuefgf,. Then, we have N (Ho) m e
P, (Hy) =1 — Py, (Ho), andPx,, (Ho) is given by (mr +m + 7e)y M—2
cexp | ———= | [1 — exp(—yr)]
co M-—1 m+ Ve
. kan (1—m)k (M —1
Py, (Ho) =1—-3 > (-1 | LR (1—m,1,— Yeyr )
k=0 n=0 m—+ Ye
. ( m )’" ( % ) ( e >’““ @) +(m — 2) expl—(r + y][1 — exp(—yr)] "~
m+ e m+ e mn+ ny. +m ’
. . . . . 1= < <r<
wherem is the fading factor associated with the Nakagamfading [ = yr)] }’ Osy<ooO0srsi, (©)

channelsy. = R.QFE; /N, = R.QbEy/N,, E; = P;T, represents

the transmitted energy per symbol without FECs log, M repre-

sents the number of bits per MFSK/RS symbol, and finally, we hawehere Py, (H1) = 1 — P, (Ho), While Py, (Hy) is given by (2),
N, = Ny + N1 /p with a probability ofp, while N,, = Ny holds ; Fy( ) is the confluent hyper-geometric function, which is defined

Wi & PrOBaBIty Of(1 ~ ). resent the decision variables input o114 %) = Sito (5T, b # 0, 1,2, where(a): =
et {U1,Us,...,Un} represent the decision variables input to 7 B _ .
the MFSK demodulator of Fig.1 in [2]. We denote the maximum anﬁg\ll: D(@+2)---(a+k—1), (a)o = 1. Furthermore, in (6) we
the ‘second’ maximum of U1, Us, ... ,Un } by
Yl :mf%X{UhUQ,... ,U]u}, (3) m m—1 my
o) = (52) e ()
Y2:m2aX{U17U2,...7UM}. (4) m—+ Ve m—+ Ve

X

In the context of the OTT, the decision variable subjected to an era- Z A -m <7k>k (ﬂ> )
sure insertion i97, i.e., the actual demodulator output is observed. =0 n—0 kin! m m+ e

In order to analyze the properties of the OTT-based erasure insertion

scheme and to estimate its corresponding EAE RS decoding perfor-

mance, the PDF$y, (y| H1) andfy, (y|Ho), given that the associated Upon integrating both sides of (5) and (6) in terms of the variable
demodulated symbol is corredt{) and incorrect o), respectively, A from zero to one, we obtain the PDFs¥f under the hypotheses
must be derived. H, of correction decision andl, of erroneous decision, which can
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be expressed as

Ey/N,=5dB,M=64

1 m m my 0.35
Hy) = — o
Pl =5 ) (W%+vc) exp( 7n—+vc) T
_g 0.3
o M1 _ ) o
1= exp(-n)] A (11 - 20, S
o 0<y<oo, (8 S o2
- el
fvi(y|Ho) = P, (o) exp(—y) [1 — @(y)] % o5
1 —exp(=y)]M 2, 0<y < . 9) é o
o
Similarly, upon integrating both sides of (5) and (6) in terms of the i 0.05
variabley from zero to infinity, we arrive at the PDFs afunder the S

o
o

hypothesesHl of correction decision andl, of erroneous decision, T IT 2'5“"30 35 40
which can be expressed as

M—1 m oo M-—2 .
f)\(T‘Hl): PNn(Hl) (m_'_,y(:) Z Z( 1 +k

k=0 n=0

Normalized demodulator output (Y;)

. Figure 1: The PDFs df1 = max {-} under the hypotheses &f, and
.<M — 2) (k+ 1)1 —m) ( Ye ) Hy usingM = 64, average SINR per bit o, /N,, =5dB and Nak-
n

k! m—+ Ye agami fading parametersof = 1, 2, 10, 1000 over flat Nakagamin
fading channels.

m Jr k+2
.< e ) 0<r<1l, (10)
P T [

M1 = (1 —m) m m—3 OTT. Then, ifY; < Yr, the associated demodulated symbol should
(r|Ho) = P (Ho) Z Il ( ) be erased. Otherwise ¥ > Yr, the demodulator outputs a RS code
Nn A0 ' symbol. In the context of the RTT of Fig.2, we observe that| H1)
m\2 m M—2 wan (M =2 is mainly spread over the range having relatively low values\of
. (%T) ( ) Z (-1) while fx(r|Hop) is mainly distributed over the range having relatively
n=0 high values of\. Therefore, the demodulated symbols having a rel-

— m—+ e

m + Ye n

Ve k+2 atively low ratio of A are more reliable, than those having relatively
(k+1) ((mn +nye +m)r +m + 70) high values of\. Consequently, a pre-set thresholg can be in-
& M_3 voked, in order to erase these low-reliability symbols associated with
—M =23 Y (G 1) (k)’“ <M - 3) aratio ofA > Ar. Finally, in the context of the joint MO-RTT hav-
oy S m ing the PDFs seen in Fig.3, we observe that for the given parameters
the peak of the distributiorfy, x(y, 7| H1) is located at a relatively
. < ) high value ofY; or a relatively low value of\, while the peak of the
(n 4+ 1)(m +ye)r +2m + 7. distribution fy, . (y, | Ho) is located at a relatively low value af;
M—3 and a relatively high value of. The above observations in turn imply
—2) Z (1) < > ( } that fy, A (y, | H1) is mainly spread over the range having relatively
oy nr+r+1 high values ofY; or relatively low values of\, while fy, x(y, | Ho)
0<r<i1 (11) s mainly distributed over the range having relatively low value¥of

and relatively high values of. Therefore, if a demodulated symbol

The properties of the proposed OTT, Viterbi's RTT as well adias a maximum output value &f and a ratio of\, that had fallen
MO-RTT can be studied with the aid of their corresponding PDF the main range ofy, (v, 7| Ho), the symbol concerned must be a
fvi (y|H1) andfy, (y|Ho) for the OTT shown in Fig.1, using (r|H1) low-reliability symbol and must be replaced by an erasure. By con-
andfx(r|Ho) for the RTT in Fig.2, while invoking the joint 2D PDFs trast, if a demodulated symbol has valueg’pfand A that had fallen
of fyy.a(y,r|H1) and fy, x(y,r|Ho) for the MO-RTT in Fig.3 for outside the main range ¢f, x(y, 7| Ho), then this symbol is likely to
a range of parameters, which are summarized in the figursthe  be correct and the corresponding RS code symbol can be forwarded
context of the OTT of Fig.1, we observe that (y| H1) is mainly dis-  to the RS decoder. Consequently, in order to erase the low-reliability
tributed over a normalized demodulator output range associated wRS coded symbols, we assume tliat and A are two thresholds,
relatively high values ot7, while fy, (y|Ho) is spread over a range which activate an erasure insertion, whené¥ex Yr and > Ar.
having relatively low values of;. Consequently, we can argue that
the demodulated symbols having relatively low value§ptre less 4. NUMERICAL RESULTS OF CODEWORD DECODING
reliable than thosg havmg relatl\_/ely high values}()t_ _Let Yr be ERROR PROBABILITY
a threshold associated with making an erasure decision based on the

IMore figures in the context of the PDFs of the IN the previous subsection we have given the required PDFs for the
OTT, RTT and MO-RTT can be found at http://iwww- OTT, RTT and MO-RTT erasure insertion schemes. With the aid of
mobile.ecs.soton.ac.uk/lly/htofile/errorsand erasures.html these PDFs, the codeword decoding error probabilities using EAE RS
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Figure 2: The PDFs ok = Y>/Y7 under the hypotheses &f; and  Figure 3: The joint 2D PDFs ofy, ,x(y, 7|H1) and fy, A(y, | Ho)
H, using M = 32, an average SINR per bit df, /N, =5dB and using parameters df/ = 64, m = 10 and an average SINR per bit
Nakagami fading parametersof = 1, 2, 10, 1000. of E, /N, =5dB over flat Nakagamir fading channels.

decoding in terms of these erasure insertion schemes can now beig#e thresholdYr is too high and simultaneously the threshatgd
timated using numerical approaches. In this section the performarnigetoo low, too many erasures will be activated, potentially erasing
of the RS coded MFSK based SFH/SS system using EAE decodiggrrect demodulated symbols. Consequently, the codeword decoding
associated with the OTT, RTT or MO-RTT erasure insertion schengfror probability using EAE decoding might be higher, than that using
is estimated and compared for a range of parameters. ECO decoding.

In Fig. 4 we investigated the influence of the PBGI duty factor, Finally, in Fig.6 we evaluated the codeword decoding error prob-
on the average BER performance of an uncoded MFSK based SFH/&#lity of a RS(32,20) coded MFSK based SFH/SS system employing
system over Nakagami fading channels for fading factors of =  the OTT, RTT and MO-RTT erasure insertion schemes over Nakagami-
1,2,3,4,5,10 and 100. The parameters used wkfe= 32, signalto ™ fading channels having different fading parameters. In these inves-

noise ratio (SNR) per bit af;, /Ny = 10dB and signal to interference tigations, we assumed that the optimum thresholds were employed,
ratio (SIR) per bit ofE, /N; = 8dB. From the results of Fig. 4 we whenever EAE decoding was used. From the results we observe that

observe that for each curve associated with a fading factor of 1,  both the proposed OTT and MO-RTT erasure schemes outperform the

there exists a PBGI duty factqs, which results in the highest BER. RTT erasure insertion scheme, and as predicted, the MO-RTT era-

By contrast, for the Rayleigh fading channel correspondingte 1,  sure scheme outperforms both the RTT and OTT erasure insertion

the maximum BER is observed, when= 1, which implies that schemes, provided that all the erasure insertion schemes are operated

Spreading the PBGI power over the whole band used results in tﬁéthe Optimum decision thresholds. However, when the channel qual-

worst possible BER. ity is poor (n = 1,2) or the SIR per bit is low £, /N; <9dB), the
Fig.5 shows the codeword decoding error probability of the R§odeword decoding error probability of the OTT and MO-RTT be-

coded SFH/SS system over the Nakagamfading channel having COomes similar.

m = 2 using the proposed joint MO-RTT. The RS(32,20) code over

the Galois Field GF(32)=GE{) corresponding to 5-bit symbols was 5. REFERENCES
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Figure 4: Average BER versus PBGI duty facterperformance for
the uncoded MSFK based SFH/SS system over Nakagaffaiding
channels with PBGI.

Figure 5: Codeword decoding error probability versus the amplitude
thresholdYr and the ratio thresholdyr for the RS(32,20) FEC code
using EAE decoding based on the MO-RTT erasure insertion scheme
over Nakagamin fading channels with PBGI.
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Figure 6: Codeword decoding error probability versus signal to in-
terference ratio (SIR) per bit for RS(32,20) EAE decoding using the
OTT, RTT and joint MO-RTT erasure insertion schemes over the
Nakagamim fading channels with PBGI.
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