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Turbo Codes for Noncoherent FH-SS
With Partial Band Interference

Joseph H. KangStudent Member, IEEEAnd Wayne E. Starkgellow, IEEE

Abstract—in this paper, turbo codes are investigated in a slow It is well known that a randomly chosen code of sufficiently
frequency-hopped spread spectrum (FH-SS) system with partial- |arge block length is capable of approaching channel capacity
band jamming. In addition, full-band thermal noise is present. [4]. In general, however, the complexity of maximum likeli-

The channel model is that of a partial-band jammer in which . . . .
a fraction of the frequency band is jammed and the remaining hood decoding such a code increases exponentially with block

fraction is unjammed. This paper focuses on the implemention length up to the point where decoding becomes physically un-
and performance of a modified turbo decoder for this model. realizable. The encoder mimics random codes by making use
We refer to the knowledge that each transmitted bit is jammed of 5 |arge random interleaver. While turbo coding performance

as channel state information. We consider cases of known or . . . .
unknown channel state and variable number of bits per hop. also improves for increasing interleaver lengths, the decoding

Our approach is to modify the calculation of branch transition ~complexity grows only linearly, making the decoding of large
probabilities inherent in the original turbo decoder. For the cases block lengths possible. Note that a turbo decoder does not
with no side information and multiple bits per hop, we iteratively  perform maximum likelihood decoding directly, but attempts
calculate channel state estimates. Analytical bounds are derived to achieve maximum likelihood decoding in an iterative way

and simulation is performed for noncoherent demodulation. The - .
performance of turbo codes is compared with a Reed—Solomon 1 N€ original turbo decoder [1] used two MAP algorithm

and a concatenated code comprised of a convolutional inner code decoders. There are other less complex algorithms that can be

and Reed-Solomon outer code. used in place of the MAP algorithm for each decoder such
Index Terms—Concatenated coding, frequency hop communi- 85 SOVA ?‘nd MaX'LOQ'MAP [5]. However, because th_ese
cation, spread spectrum communication. other algorithms are suboptimal, they reduce the complexity of

decoding at the cost of performance. Hence, for the purposes
of this paper, we will consider the turbo decoder where each
component decoder uses the MAP algorithm to calcutate
URBO codes are an exciting new channel coding scherpgsteriori likelihood estimates for each bit.
that achieve data communication at signal-to-noise ratiosThe potential of turbo codes can be best exemplified by its
close to the Shannon limit. The results published in thgccessful application to deep space communications. Using
inaugural paper by Berroat al. [1] were so good that they maAp decoders, turbo codes (16 state constituent codes, overall
were met with much skepticism by the coding communityate 1/2) were shown to outperform the concatenated code
Since then, however, these results have been reproduced gnéhe \oyager, Galileo, and Cassini missions. The gain,
even improved [2]. Consequently, much of the present reseagh instance, over the Voyager code (ral¢2, constraint
is focused on applying turbo codes to different systems.  |angth 7 convolutional code concatenated with(255 223)

The encoder described in [1] is formed using a parallgdeey_solomon code) is approximately 1.5 dB at a BER of
concatenation of two or more component encoders. Note that-5 The primary difference is that the turbo code has greater
serial concatenated codes have been proposed [3], but aredé%ding complexity than the Voyager code.
considered in this paper. If the input block h&sinformation Thus, we arrive at the primary disadvantage of using turbo
bits, the encoded bit stream is made up of the uncoded data Bgﬁes with the MAP algorithm. Decoding complexity for
and the parity bits of the component encoders. The key elem o codes is proportional to the block length, the number

of the encoder is the use of an inierleaver which permutSF decoding iterations, and the constraint length of the con-

:Eg Isn;gcr)r:gtlgc?msiiueir;fn?ggetrhelﬂ uZizrg?'stﬁz the?r:]nq;:sfﬁuent codes. The MAP decoder is approximately four times
mp - N9 , (IS permutatigl complex than the Viterbi algorithm and this must be
allows low weight outputs of the first component encoder tg : .
o . iterated several times. It is known that turbo code performance
result in high weight outputs of the second component encoder. ; L
2 : . enerally increases with interleaver or block length [6]. In fact,

Thus, the combination of the encoders might contain favorat%e . _s5
distance properties, even if each component encoder does not. oU et al. showed a bit error rate af0™ at 0.7 dB, but
' needed to use 18 decoding iterations and a block length of

65536 bits. The large amount of computation required for

Paper approved by S. S. Pietrobon, the Editor for Coding Theory and TeEH—rbo decoding explains Why.mUCh of the current research is
niques of the IEEE Communications Society. Manuscript received Decemf@cused on reduced complexity decoders [5], [7]-[9].

. INTRODUCTION

15, 1997; revised March 26, 1998 and June 8, 1998. In packet data communications, the use of error correc-
The authors are with the Department of Electrical Engineering and Cortn— d | K le i hievi | ket

puter Science, University of Michigan, Ann Arbor, Ml 48109 USA. Ion codes plays a _efy role in achieving low p:’_:lC e error.
Publisher Item Identifier S 0090-6778(98)08118-5. rates. When transmitting speech, large processing delay is

0090-6778/98$10.001 1998 IEEE



1452 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 46, NO. 11, NOVEMBER 1998

unacceptable and higher error rates are tolerable. In datawver spectral densityV;/2p which covers a fractiornp

communication, low error rates are more important and delay the band. As a result, there are essentially two channel

at the decoder is more acceptable. Therefore, it would agates: jammed and unjammed. The probability of hopping to

pear that turbo codes are possible candidates for packet datmmmed state i, and the probability of hopping to an

communications. unjammed state i$ — p. It is assumed that the jammer stays
One packet data network of interest is slow-frequency ham for the entire duration of the hop if it is jammed at all.

radios. There has been considerable interest in enhandimg (y1 «,v2,x, ¥3.x) be the outputs of the channel and et

slow frequency hop radios so they can be integrated imtepresent the channel state fgr,. Jammed and unjammed

a packet radio network [10], [11]. One such enhancemestates correspond tg ; = 1 and z; ; = 0, respectively.

would be improved error correction coding. While research

on the application of Reed-Solomon codes and conca: Original Turbo Decoder

nated (Reed—-Solomon and convolutional) codes to frequency-

hopped spread spectrum (FH-SS) systems in partial-b

interference have shown promising results [10], [12], it woul ell documented in previous papers [1], [15], [16]. L%t be

be interesting to see how well turbo codes perform. the state of the first encoder at timkg and letL; be the log

. Turbo codes were first considered for an FH-SS SyStqugelihood ratio (LLR) of thea posterioriprobabilities. Then
in [13] where performance was analyzed versus spectral ef-
Pr(dk = 1 | g17g2)

ficiency. The model, however, did not include partial-band
interference or memory. In [14], turbo codes were considered k= log Pr(dy =0 y.,y.)
for coherent FH-SS with partial-band interference. In this B
paper, we investigate the performance of turbo codes The branch transition probabilities used by the MAP algorithm
noncoherent FH-SS with partial-band interference. are calculated as

The outline of this paper is as follows. In Section ”’w(ylk o ey m) = plyr i | de = i, Sk = 1m0, Spyr = m')
the system model including details of the FH-SS model is """ 7% "’ ’ ’ ’

urbo decoding is an iterative procedure which makes use of
MAP algorithm. The derivation of this algorithm has been

L (1)

described and turbo codes are briefly reviewed. In Section “Pyz | di =1, S = m, Sipr = m')
1, the modifications to the turbo decoder necessary for FH- p(Skq1 =m | dp. =14, 5k =m)
SS are described. Analytical performance bounds are derived -p(dy =i | Sk, =m) (2)

in Section IV. In Section V, simulation results are presented . o

and compared to the performance of other well-known coditgiere p(Sk+1 = m’ | dp = 4,5, = m) = 1 if bit i is
techniques_ In Section VI, the numerical results of our angssociated with the given state transition and equals zero if it
lytical bounds are discussed. Finally, we discuss the potenf@not. p(dx = i | Si = m) = p(di. = i) depends on tha

of applying turbo codes to practical FH-SS systems in o@ifiori probabilities of the information bitd,.. It can be shown

conclusion of Section VII. that
Ly=Lj,+Ly s+ LY 3)
II. SYSTEM MODEL
where
A. Transmitter dp, =1
mer - | | = log L= @
The encoder is formed by concatenating two constituent p(dr. = 0)
codes in parallel and separating the codes by an interleaver. I —1o plyre | di = 1) (5)
As in the original work by Berrowet al. [1], the constituent Lk gp(yLk | dp. =0)

codes are recursive systematic convolutional codes. The en-
coder takes as input the data sequerge{0,1} of length Lg) is termed theextrinsic portion of the log likelihood
N and then outputs three streams: the data Hjts the ratio. It is used as a priori information for the second
parity bits p; , of the first component encoder with inputMAP (MAP2) decoder. The concept of extrinsic information
dy, and the parity bitg, ;. of the second component encodels important in that it prevents information introduced by
with interleavedd;, as input. The modulation considered i®ne of the component decoders to be passed back to that
binary frequency shift keying (BFSK). The resultant signal isomponent decoder. Let® and L® correspond to the
frequency hopped. The hopping patterns of the FH-SS systéirinsic information generated by the MAP1 and MAP2
are modeled as sequences of independent random variabegoders, respectively. Assuming equally likely transmitted
uniformly distributed over the allowable frequency range. data, the combined MAP LLR for bif}, is
P @, ;G

B. Channel Ly =Lop Ly 4Ly ©

It is assumed that there exists an on—off jammer that will Thus, the decoding algorithm is as follows. Initiallg, =
evenly distribute its power over a fractignof the frequency 0. The output of MAPL isL; ; + L'?. For MAP2, we let
range. Thus, transmission occurs over a channel that includgs = Lff) (i.e., we let the extrinsic information generated
full-band thermal noise with double-sided power spectrly MAP1 become the priori information for MAP2). The
density Ny /2 and partial band interference with double-sidedutput of MAP2 isLy. Similarly on the next iteration, we let
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TABLE |
Deinterleaver STRUCTURE OF THE FREQUENCY HoPPER
HOP 1 €11 C2L41  C32L+1  C13L41
L ¥, ; - : : -
b o 3 [ L@ HOP L C,L  C23L €3,3L C1,4L
2 MAP1 - Interleaver L MAP2 i HOP L+1 2,1 C3,L+41 C12L41 €2.3L41
Y —
HOP 2L CaL  €332L €1,3L C24L
Interleaver HOP 2L+1 3,1 C1,L+1 C22L4+1 €33L41
Fig. 1. Block diagram of the turbo decoder. HOP 3L : - :
< C3,L C1,2L C2,3L C3,4L

L, = Lf’). This process is iterated and eventually converges - ] o
to some low bit error rate (BER), where the final bit decisioff@nsition probability computations, we calculate the joint
uses (6). The structure of the turbo decoder is shown in Fig.cPnditional probability of the channel outpyf; and the
Note that because the log likelihood ratio is the ratioaof @PPropriate channel statg ;. as

posteriori information bit probabilities, the turbo decoding
process can be viewed as the iterative improvement of
posterioriinformation bit probabilities. We will use this when
we consider the turbo decoder for FH-SS systems. Pz = 2). (8)

P(Yjh zip = 2 | diy = 4,5, = m, Sy = m’)
=plyjr | de =1, 8 =m, Spqr =m’, 2 = z)

Having described our modifications for the one bit per hop
case, we will move on to the more interesting case with
The turbo decoding algorithm is dependent on what imultiple bits per hop.
formation is available to the turbo decoder. We examine the
cases where knowledge of the channel state (i.e., jammedgorFH-SS With Memory
unjammed) is either available or unavailable to the decoder.

The case of known channel state will be referred to as side'"” this section, we dlscus_s our mod|f|cat|on_t0 the turbq
coder for the case of multiple bits per hop. First, we detalil

information (SI). In addition, the cases of independent a desi ¢ the hopDi The hobpi
identically distributed (IID) transmission (i.e., one bit per hop; € design o the opping structure. The opping structure
and transmission over a channel with memory (iebits per s important for cases with memory because unlike the IID
hop) are considered case where jammed hops affect single bits, jammed hops now
For all cases, the power spectral densities of the chan fict multiple bits. For instance, #, cz, andcs are
noise, No/2 and N /2p, are assumed to be known to thé e coded bits which correspond to information &t then it
¥ ' 8H|d be beneficial to send these bits over separate hops. If

decoder. These values are necessary to compute the bra .
ey were sent over the same hop and that hop was jammed,

transition probabilities in (2). Note, however, that exact SN e . . .
values are not necessary to achieve good decoding pen‘BIWou'd be difficult to decode the information bit correctly.

mance. By [17] and as well by our own investigation, thgecause the convolutional encoders display memory dj.g.

performance of turbo codes is not sensitive to SNR mismat f dependent 0By i, c1,4—1, ¢1,4—2, and SO on), it makes sense

Thus, low complexity SNR estimation algorithms can b r similar reasons to separate consecutive coded bits by as

implemented to achieve similar performance to the case Wh@?gc.h as possible. U;in@ = N/n wherg his the number
the SNR is exactly known. of bits per hop andV is the number of information bits per

packet, the structure of the hopper is shown in Table I.
A. FH-SS Without Memory For cases with multiple bits per hop and no side i_nformatipn,
we attempt to compensate for the lack of side information
In this section, we consider the case of one bit per hop.df, generating estimates of the channel. Our approach is to
the channel state is unknown, then the modified turbo decod@lculatea posterioriprobabilities for each channel statezy, |
for IID FH-SS needs only to adapt the calculation of branc@pyx) and send this information in addition dd;. |y ,y )
transition probabilities. More specifically, (2) is calculate@etween decoders. Thus, information bit estimates and channel
using state estimates can be iteratively improved. The use of channel
estimates to calculate branch transition probabilities should
L lead to improved error rates.
_ Zp(yj,k | dy = i, S = m, Sppy = 1 215 = 2) Note that the structure of the hopper shown in Table | allows
e channel estimates to be calculated in a manner similar to the
(g = 2). 7) way information blt_ estimates are calculated m_the ongmal
’ turbo decoder. For instance, each MAP decoder in the original
If the channel state is known, we treat the side informatidarbo decoder calculatesposterioriprobabilities of the infor-
as information received by the decoder. Thus, for branchation bits given two of the three received observation vectors.

I1l. TURBO DECODER FORFH-SS &STEMS

Py | di =1, Sk =m, Spy1 =m)
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This information is passed to the next MAP decoder which 14 ,
uses this information as priori information bit probabilities. . 128 EE:; NSS|I
Similarly, by using the structure of the hopper in Table I, 2|¢—= 80BPH, S 1
two-thirds of the relevant observation sequence is available D 8(1) SEE; NSS||

to each MAP decoder so that posteriori probabilities for 14~ = ]EE:‘ “2: (est)
each hop can be calculated. This information can be passed '
between MAP decoders and be usedagwiori channel state
probabilities. g

We defineR as the vector of received channel outputs thagl

is available to the MAP decodeR,, as the subset aoRt that or
has been received over a given hop with stateandEk as
the subset of? that has not been received over the hop with 4

StateZk. ThUS,E - Ek U Ek Whel’eﬁk - (Ek,]J M 7Ek,h)'

The calculation of state estimates is shown below 2k
p(zk =z | R) . Y Y
_ p(R| 2k = 2) - plzx = 2) ©) 0 0.1 02 03 OF'écuonaioésandwmg? 07 08 09 1
p(ﬁ) - Fig. 2. Simulation results of turbo codes in noncoherent FH-SS.
PRy | 21 = 2) - p(8y | 21 = 2) - p(2r = 2)
= (10)
p(&) i
R, ~ Y p(Rra| 2 =201 =c)
—p(Ra | 1 =)ol = ) B (11) =
T oz, = 2 | Ry,
= (B, | 2 = 2) - plax = 2) - K (12 plas=o) TEEZEL) )
. k1
RpBy |2 =2) plax =2 | By) K (13)

wherep(z, = =z | R;,) is the channel state estimate of the
whereK is a normalizing factor chosen to make the probabilityrevious MAP decoder.

density function sum to one andz, = » | R,,) is the channel  2) Recursion:
estimate provided by the previous MAP decoder.
In the above equatiop(z;, = z | R,,) is used in place of p

Zw = 2| Ry 1, Rio, - Rii1, Ry i)

p(z = z) to take advantage of the state estimate provided p(Bujiloe = 2, Rus o Rii—1)p(2e = 2[Ry, o, Riio1)
by the previous MAP decoder. In order to compute each state P( B i Ba1s o Rijio1)

estimate, we must calculate the conditional joint probabilities p(Ry ;|zx = #) - p(zx = z|Ri1,- -+, Rii—1)

of R, |n (14). This can be calculated by p_erforming t_otafv p(RyilRi1, - Reio1) (18)
probability onp(R,, | z;, = z) over the respective coded bits  p(Rui | m=2) plzx =2 | Rax,--, Ruiy) (19)
PRy | =2 =S p(By | ey = ez = 2)pley = ¢) (14) PRy | By Ryima)

- Note that (19) is an approximation sinde ; is lightly
wherec,, represents the vector of coded bits respectiv&{o correlated withRy, ;—;,- - -, R 1.

This will requirea priori probability knowledge of the coded Once the state estimates have been computed, they are
bits. But, the MAP decoders are already sending log likelihogdady to be used in a turbo decoder. We use state estimates
ratios that givep(dy = d | R). Using this information, in a manner analogous to the way that a turbo decoder
p(cix = ¢) = plcip = ¢ | R) can be calculated. Thus, asyses information bit estimates. When there is no Sl, ahe
the MAP decoders refine their estimatespéél, = d | R), priori state probabilities are replaced by theosterioristate

estimates op(z. | ) are also getting more refined. probabilities for branch transition probability calculations. As
Note that ash, the number of bits per hop, increasesn the IID case, the appropriat priori probability is used
the complexity of directly computing(R;, | = = z) = for cases with side information. Thus, for the MAP1 decoder
p(Ry.1,-- -, Ryn | 2x = 2) rises exponentially. To overcomewith j = 1,2
this problem, we developed the following recursion. . ,
1) Initial Case: P | d =3, S = m, Sy = m')
1
o = 2 | Rus) = PR | 2 = 2) - p(ar = 2) (15) = Zp(yj,k | d =i, Sk = m, Sky1 =M, 258 = 2)
p(Ry1) =0
L P2k = 2) (20)
= Zp(Rk,l | 2k = z,¢61 =€) L
c=0 ( ) ~ Zp(yj7k | dk = i, Sk =m, Sk+1 = m', Zjk = Z)
plzy =2 2=0
pler =) - (B d) (16) plzin =2 y,,u,) (21)
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when there is no side information and 12 , ; . ;

——~a Si

— _ — ! &— NS, lterative Estimation
dp =1, Sk = m, Spy1 =m) x—= NS, No Estimation

P(Yj ks Zjk = 7
=p(yjx | dr =@, Sk =m, Spp1 =m/, 255 = 2)
p(zjk = 2) (22)

when there is side information.

EJN, (dB)
fe2]
2

IV. ANALYTICAL BOUNDS

It is often impractical to achieve simulated results for
extremely low BER’s. As a result, bounds are often calculated.
Here, we invoke the Union—-Bhattacharrya bound to obtain an

Ak

upper bound on the probability of error. 2r
Turbo codes are linear, so without loss of generality, we will
assume that the all-zeros codeword was transmitted,; Ifs 0 ‘ ‘ ; ‘ ‘ . . ‘
the weight enumerator of the codB,;(d) is the pairwise error -y v

probability between the all-zeros codeword and a codewo,g%_ 3. Simulation results for 20 bits per hop.
of weight d, and D is the Bhattacharrya parameter where

Py(d) < D4, then the bound for afwn, k) block code is
wherep(d | ¢) is the probability that an interleaving scheme

- maps an input weight of to produce a codeword of total
Puvora < Z AaPs(d) (23) weight d, and(’;) is the number of input frames with weight
= min i. An algorithm for calculating(d | i) was described in [19].
< Z AyD?. (24) Thus,
d=dmin n k 3
Pyora < Cp(d| D™ 28
It was shown in [18] that with noncoherent reception, d _dzzd:_ ; <'L>p( ) (28)
optimal decoding with side information leads to
< 219 1172 2 V. SIMULATION RESULTS
[/0 e Lo (uy, ZES/NJ)du} ’ For all simulations, the component encoders are tate
D= E,/N; <2.87 recursive systematic convolutional encoders with memory
1.424 ’ E,/N; > 2.87. four and octal generator§37,21). The packet size is 1760
E /Ny information bits and the number of decoder iterations is five. A

Square-law combining is a suboptimal method of decodi%“cal interleaver [20] is used to guaraqtee Frellis termination.
in additive white Gaussian noise (AWGN), but has bee["® SNR of the full-band thermal noise is set to 20 dB.
shown to have an approximate performance loss of 0.14 {Ses with memory are simulated using 20, 80, and 160 bits
for reasonable SNR's [18]. Because square-law combiningR§" hop (BPH). . _
suboptimal, an upper bound on its performance will also beFi9: 2 shows the plot of minimurk, /Ny needed to achieve
an upper bound to the performance of optimal decoding. TRePacket error rate (PER) db~* for a givenp. As would

Bhattacharrya parameter for square-law combining in word €xpected, the cases with side information (SI) performed
case jamming i€I' = E,/N;) better than their counterparts without SI (NSI). The S| and

NSI curves only meet whep = 1.0. In this case, all
1 Al states are jammed, so side information does not provide any
TPy (D I'<3
A (25)

p=4JLl1- (14X additional information.
de™ rss Notice that the graphs in Fig. 2 exhibit a tradeoff as the
r’ - number of bits per hop increases. For any memory, no Sl case,
5= VE2+T)2 48— (241 (26) where channel states are iteratively estimated, performance is

4 obviously upper bounded by the memory Sl case. Because
Th v K i " lculatd., is vi channel state estimates will improve if the number of bits
€ only known way fo exactly calculald, 1S via an. g hop increases, we should be able to get arbitrarily close

exratlysuyetsearlch llntvolvmg all possible 'nprt sc;aguences. Sfethe corresponding memory, Sl result by increasing the
soltion 1S fo caicuiate an average upper bound by comput mory. This is shown in Fig. 2 by examining the per-

an average weight function over al pqssible inj[erlea\/iq%rmance differences between corresponding Sl and no SI
schemes [19]. If the average weight function is defined as cases for variable bits per hop. For memory, no S cases,

k we were able to calculate reliable state information. These
Ay = Z <{f)p(d | ©) (27) state estimates provided useful information which in turn aided
i=0 the decoding process.
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The downside of increasing the memory can be seen by TABLE I
analyzing the Sl cases in Fig. 2. For all Sl cases, knowledge PERFORMANCE OF TURBO CODES BY ITERATION
of the channel state nulls out the advantage of more effective "PER | h=160, NSI [ h=160, SI | h=1, NSI | h=1, SI
estimation. As a result, one might expect the performance of 1iter.| 3.3E—-01 | 28E—01 | 5.2E—01 | 4.6E—01
S| cases to be similar. However, as shown in Fig. 2, this is 2iter. | 2.2E-03 | 1.8E-03 | 2.6E—03 | 2.1E-03
clearly not the case. The performance of S| cases degrades 3 iter. | 1.1E-03 | 1.1E-03 | 1.3E-03 | 1.2E-03
as the memory increases, but it uses fewer total number of 4iter. | 84E-04 | 85504 | 8.8E-04 | 8.6E-04
hops (thereby making direct comparisons unfair). Thus, while 5iter-| 8.4E—-04 | 8.4E-04 | 8.81—04 | 8.6E—04
increased memory leads to improved channel estimates in
cases without Sl, the upper bound for the performance of na ; , . ; : ; ; ; :
Sl cases effectively decreases. This tradeoff implies that for T IS e
the NSI case with state estimation, there should be exist ati]
optimal number of bits per hop that yields best performance,
For p < 0.7 we found this value to be on the order of 20.

Due to inaccurate state estimation for large valuegp,of |,
there is not a dwell interval length that is optimal for all
values ofp. To see this, first consider the results of the g1
bit per hop (IID) case in Fig. 2. While it is expected that thé;
Sl case outperforms the NSI case without state estimatidn?f
it is interesting to compare these results with the IID NSI Al
case when state estimation is performed. For low values of
o, the NSI case with state estimation yields better results,|
than the NSI case without estimation. Even with a single
bit of observation, state estimation is valuable if the disparity 21
between the SNR'’s of the estimated stat¥s/2 and Vs /2p)
is large. For larger values of however, it becomes difficultto % o1 02 o0s oFf4 o5 06 o7 08 08 1
distinguish between the two states. Inaccurate state estimates rectoral Bandunp
lead to an improper weighting in branch transition probabilit§9- 4. Performance of other codes in noncoherent FH-SS.
calculations and thus, overall performance degrades.

Next, consider the results for the 20 BPH case. In Fig. 3, We have shown that it is possible to bridge the gap between
simulation results for three decoding cases are presented:dakes with and without side information by iteratively comput-
NSI with iterative state estimation, and NSI with no stating state estimates for a large number of bits per hop. However,
estimation. Note that for cases without Sl, state estimatigime performance improvements may still be unsatisfactory. In
is beneficial forp < 0.8. At higher values ofp, however, it the case of noncoherent reception, one possible improvement
becomes difficult to discern between the two channel stateguld be to perform phase estimation. If the phase during a
Thus, channel state estimates become inaccurate and yledg is assumed to move very slowly and an orthogonal signal
worse performance relative to the decoder which does not us# is used, phase estimation can be performed using a method
state estimation. However, because the NSI, no state estimatpalogous to state estimation. In this manner, joint decoding
decoder shows a loss of less than 1 dB with respect to thegpld phase tracking can be achieved.
case forp > 0.8, one solution is to use a hybrid decoder which In order to gauge our results, we refer to the application of
decides whether or not to calculate state estimates based @ih&r coding methods to FH-SS systems. In particular, Pursley
threshold atp = 0.8 and Frank investigated the use of the Reed—Solomon code

In addition, note that when state estimates are computegid the Reed—Solomon/convolutional concatenated code (RS-
the 20 BPH case performs more poorly than even the IID caS€) in [10]. For the Reed-Solomon code with no inner code,
for high values ofp. Clearly, more observations will lead tothey used &32,12) errors-only RS code ove&F(2°) with
more reliable state estimates. However if these estimates aoecoherent reception and 27 codewords per packet. Thus, the
inaccurate, they adversely affect the decoder calculations tarde had rat8/8 and the total number of information bits per
multiple bits. Thus for each value of state estimation is ben- packet was 1620. There were 135 binary symbols per dwell
eficial only when there is a sufficient number of observationgeriod. For the concatenated code, they usg@2a18) RS
to guarantee a reliable estimate. code for the outer code and a ral¢3, constraint length 6

While we have discussed the results obtained when usiognvolutional code with erasure thresheld= 3 for the inner
five turbo decoding iterations, it is interesting to note theode. In addition, the convolutional code used soft decisions.
performance of the decoder after each iteration. The fafte dwell interval spanned 159 binary symbols and there were
convergence of the turbo decoder is exhibited in Table Il whe?® codewords per packet. The overall rate of the code was
the 160 BPH 2 = 160) cases both use= 0.8, F;,/N; = 9.5 3/8 and the number of information bits per packet was 1800.
dB, the 1 BPH NSI case without state estimation yses0.7, Requiring a PER o073, these results are shown in Fig. 4.
E,/N; = 9.5 dB, and the 1 BPH SI case uses= 0.7, Because the turbo code system with 160 BPH matches
E,/N; = 8.5 dB. the parameters shown in Fig. 4 quite closely, we will use
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Fig. 5. Numerical results of turbo codes in noncoherent reception with side information.

this system for comparison. Notice the large performanee The different methods at which the turbo code and RS-
difference between the turbo code and the coding schen@&S systems treat the uncertainty of the channel state makes it
of Fig. 4. Comparing the worst-case performance of the turldifficult to compare the performance of the systems. The final
code system without side information with the RS and RS-Cdifference between the coding systems is that the turbo decoder
systems, the turbo code system shows a gain of 6.9 and 6.3 i#Bnore computationally complex. Even with the recursions of
respectively. Note that to achieve worst-case performance 6 MAP decoders, these calculations are iterated many times.
turbo codes, the jammer needs to jam the entire lfand 1), Thus, we arrive at the familiar tradeoff between computational
while for RS and RS-CC codes, the jammer needs to jam ofigmplexity and performance.
a small fraction of the band (aboyt= 0.12 andp = 0.22,
respectively). Another performance measure of FH-SS systems VI. NUMERICAL RESULTS BOUNDS
is p*, the minimum fractional jamming bandwidth required to Fig. 5 shows the numerical results for noncoherent reception
induce any decoding errors. In this case, turbo codes saven side information is available to the receiver. In addition,
about 0.1 and 0.2, respectively. some simulation results are included for reference. Note that
While turbo codes seem to significantly outperform the Rfiie Bhattacharrya parametBrwas calculated assuming worst
and RS-CC codes, it is unfair to directly compare these resultase jamming. As shown in Fig. 5, the average upper bound
First, the coding rates of the coding systems are differefit: calculated for noncoherent reception is tight fore= 1.0, the
for the turbo code and/8 for the RS and RS-CC codes.value which yields worst case jamming.
However, this minor difference in code rate is not sufficient
to explain the contrast in performance. Another difference is VII. CONCLUSION
in the treatment of the memory case without side information.\ne nave shown that there exists great potential for non-
For turbo codes, we exploit the memory of the channel Ryynerently demodulated turbo codes in frequency-hop spread
estimating channel states and using this information in Oihectrum systems by analyzing cases with 1, 20, 80, and
branch transition probabilitiy calculations. For the RS-C@go pits per hop, and either with or without channel state
code, Pursley and Frank also use the memory to predict whige information. The case with 1 BPH and side information
hops have been jammed, but they do so in a very different wayas uniformly superior relative to the other cases. We also
The goal is to declare an erasure if the jamming in a dwellitnessed performance degradation for the Sl cases as the
interval is sufficiently severe that many of the RS symbolsumber of bits per hop increased due to the change in effective
are likely to be in error. The metric they use to estimatlock length. However, as the length of the dwell period
the channel is the Hamming distance between the binan¢reased, performance differences between the SI and no
code sequence chosen by the Viterbi decoder and the bingiycases tended to diminish due to effective channel state
sequence that results from making hard decisions on the outpstimation. Finally, we compared our simulation to other
of the demodulator. The resulting distance represents theerding schemes and found the comparison to be favorable
estimate of the number of errors produced by the demodulatoward turbo codes.
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While turbo codes which use component MAP decoders au®] P. Robertson, “llluminating the structure of code and decoder for

effective in reducing theE’b/NJ required to achieve a given parallel concatenated recursive systematic (turbo) codes,Proc.
GLOBECOM'94 Dec. 1994, pp. 1298-1303.

packet error probability, there iS_ConSideraple CompUtatiorﬁ_lﬂ T. Summers and S. Wilson, “SNR mismatch and online estimation in
cost. Before turbo codes can be integrated into a packet radio turbo decoding,”IEEE Trans. Communyol. COM-46, pp. 421-423,

; inati Apr. 1998.
network or any practical data communications system, th& W. Stark, “Coding for frequency-hopped spread-spectrum communica-

computational complexity needs to be reduced while minimiz- ~ tions with partial-band interference—Part I1: Coded performan@EE

ing performance losses. The work in this paper exemplifies the Trans. Communvol. COM-33, pp. 1045-1052, Oct. 1985.

: D. Divsalar, S. Dolinar, F. Pollara, and R. McEliece, “Transfer function
error correction power of turbo codes. Future research sholid bounds on the performance of turbo codes,” TDA Progress Rep. 42-122,

investigate the application of lower complexity turbo decoders  jpL, Aug. 1995.
to FH-SS systems. [20] A. Barbulescu and S. Pietrobon, “Terminating the trellis of turbo codes
in the same state Electron. Lett, vol. 31, pp. 22-23, Nov. 1995.
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