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Abstract: In this paper, we introduce an encoder de-
sign technique of multiple symbol trellis coded modula-
tion for noncoherent continuous phase frequency shift
keying (MTCM/NCPFSK) on the interleaved Rician
fading channel. To find dominant factors which affects
the error probability of MTCM/NCPFSK, we derive the
pairwise error probability (PEP) of MTCM/NCPFSK
and find that the error probability mainly depends on
the effective length of error event and the correspond-
ing squared product distance (SPD) for the small value
of Rician parameter K. Using this performance criteria,
we search for the optimal encoder of MTCM/NCPFSK
for the interleaved Rician fading channel. We also com-
pare that encoder with the encoder designed for additive
white Gaussian noise channel.

1. Introduction

Radio or satellite channels are power- and bandwidth-
limited channels whose fading amplitudes are mod-
eled as Rician or Rayleigh distributions. Power- and
bandwidth-efficient coded modulation scheme such as
trellis coded modulation applied to continuous phase
modulation (TCM/CPM) combined with interleaving
technique can be an appropriate solution for these chan-
nels (1]. Many researchers have studied the design
technique of TCM/CPM [1], [2], {3}, [4], [5], especially
[5] presents a multiple symbol trellis coded modulation
scheme applied to noncoherent continuous phase modu-
lation (MTCM/NCPFSK) on the additive white Gaus-
sian noise (AWGN) channel.

In this paper, we modify the design technique pre-
sented in [5] and apply that for the interleaved Rician
fading channel with ideal channel state information. To
reduce temporal correlation of channel, we insert an in-
terleaver between trellis encoder and continuous phase
modulator as the system presented in [1]. We derive the
pairwise error probability (PEP) of MTCM/NCPFSK
and find the union bound of the event error probability
on the interleaved Rician fading channel. The optimal
encoder is found for MTCM/NCPFSK by using the re-
sult of performance analysis. Computer simulations are
also presented to verify the results.

2. System Model

Fig. 1 shows the block diagram of MTCM/NCPFSK
system which has an interleaver and a deinterleaver.
Input binary symbols b, occurring at a rate Ry are
passed through a trellis encoder with code rate r
producing a sequence of encoded binary symbols ¢,
at a rate Ry = Rp/r. The encoded binary sym-
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Figure 1. The Block Diagram of MTCM/NCPFSK
System for Interleaved Fading Channel

bols ¢,, is mapped to N-consecutive M-ary symbols
am = (a(m,O))a(m,l): P va(m,N—l))» and A(mi) €
{0,1,--- ,M —1}. The sequence of ay, is interleaved
by using N-consecutive symbol interleaver (NCSI).
The continuous phase modulator is represented with
N-consecutive continuous phase encoder (NCPE) and
memoryless modulator (MM) as explained in [5]. The
output of the NCPE is hence represented by the se-
quence {(am, Vim)}, which is the input to the MM. The
input vector a,;, and the state of NCPE V,,, determine
the transmitted N-consecutive M-ary CPFSK waveform
during the time interval [mTy, (m + 1)Tn).

During the time interval [mTn, (m+1)Tx), the com-
plex baseband CPFSK waveform is, s(t;am,Vin) =

Zee/¥(Hiam Vi) | where £ is the symbol energy, T is the

symbol duration, Ty = T'N is the N-consecutive sym-
bol duration, and ¥, the information carrying phase is
(r—4T
Vi + Z Am,k) T Q(m,i) —————)

expressed as
\Il(t; am) V’In) é
T ) mod 2,
k=0

27rh<
if mIn+iT <t<mIy+ (t+1)7,
for +=0,1,---N -1

i—1

1)

where the parameter h is referred as the modulation
index. In this paper, we only consider the case of h =
1/M. To keep the phase constant, we express the next
state as Vipr1 = Vi, + ZkN__ﬁ O(m,k) mod M.

For a flat fading channel as modeled in Fig. 1, the
complex baseband form of the received signal dur-
ing the time interval [mTy,(m -+ 1)Tn) is r(t)
p(t)s(t; am, Vin)e2%® + n(t) , where n(t) is a zero-mean
complex Gaussian random process with power spectral
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Figure 2. Maximum Likelihood Receiver Designed for
Interleaved Rician Fading Channel

density Ny W/Hz, p(t) is a fading amplitude and ¢(2) is
an arbitrary phase offset. We assume that the channel
is varying slow so that the fading gain p(t) and the ar-
bitrary phase offset ¢(t) are constant values during the
time interval [mTw, (m+1)Tn), 1.e. p(t) = pm, &(t) =
¢m. Since the receiver detects the received signal nonco-
herently, the phase states generated by the NCPE mem-
ory states V,, is not differentiated in the receiver. Hence
we rewrite the received waveform during the time inter-
val [mTw, (m + 1)Twn) as

r(t) = pms(t; am, 0)e’’" + n(t) (2)

where 6,, = ¢, + (2mhV,, mod 27) is the phase ambi-
guity at the receiver. The probability density function
of p,,, is assumed to be a Rician random variable, whose
probability density function is given by

Fonlp) = 2p(1 + K)e K7 0+K) 325 /K (1 + K))
(3)

where Iy(-) denotes the modified Bessel function of first
kind and K is the Rician parameter.

3. Maximum Likelihood Receiver for
Noncoherent Detection and
Performance Analysis

In this section, we derive the maximum likelihood re-
ceiver with perfect channel state information based on
the system model described in previous section for non-
coherent detection. With the perfect interleaving, the
sequence of the fading gain {pm} is modeled as an in-
dependent and identically distributed random sequence.
Considering noncoherent detection and perfect channel
state information, we derive the likelihood function,

L-1

A(r(t)|AL, pL) = Y pmlBml (4)

m=0

where Bm is the complex cross-correlation given by

f(m+1)TN (t)e~7¥(tam0)dt. Note that the cross-
correlatlon B is independent to the phase ambiguity
#.,. The optimum detector of MTCM/NCPFSK is ex-
plained in Fig. 2. Metric computer calculate |3,,| and
P |Bm| is the branch metric of Viterbi decoder. The re-
ceiver designed for interleaved Rician fading channel is
similar to the receiver designed for AWGN in [5]. Thus,
the receiver described in {5] is the special case of the
receiver designed for interleaved Rician fading channel.

Using the log-likelihood function derived in (4), we
obtain the conditional pairwise error probability(PEP)
associated with the transmitted sequence Ay and the
erroneous sequence Ay, given the channel state informa-
tion as

Pr(AL — AL|pL) =

(Z Pl Bl > Z pm(ﬁm>

(5)
where (3, is the erroneous complex correlation asso-
ciated with the transmitted sequence AL For the
convenience, we denote Y as Y = Zm Opm|[3m| -
Zm—'O pm|Bm|. Using the linear approximation pre-
sented in [5], ¥ is approximated to the Gaussian random
variable Y, with mean py, = AT Zm o PL(N = |&))
NOTZm Opm —|éml), where &,
denotes &, = f(m+1)TN J¥(tAam 0 gt and Aay, =
Thus the condxtlonal PEP is approximated

e N 2 P | (6)
mér)

where Q(-) is the Gaussian integral function, n denotes
the set of the time index m which makes Aay, # 0, and
2 = 2(N = [€m)).

We average the conditional PEP over p1, to obtain the
PEP. Using moment generating function(MGF) method
and Gauss-Chebysev quadrature in {11] we derive the

and variance oy

Ay ~ Am.
as below

Pr(AL — AplpL) = Q

PEP,
Pr (AL-’AL)Z
1+ K K62,
2kZH 1+ K +62,; Xp(—1+K+53nj R

(7)

where 62,; £ [ed? , sec? [(2j — 1)w/4k]] /4No and Ry is
the remainder term. As k increases the remainder term
R,, becomes negligible, as demonstrated by [11]. When
the channel tends towards Rayleigh fading channel and
Ey/Np is high enough, the PEP is simplified as

PI‘(AL — AL)
L+K x
Z H + Ry
Zk j=1men m] (8)

k [}

1 C;(1+ K)e“K] o1
== +R
2k & [ Y4 2, *

where v4 = £/4Ny, C; = cos? [(2j — 1) /4k], d2(l,) =
HmE,] l/dE m» and l, is the effective length, the number
of elements in the set 7. From (8), we observe that the
PEP is mversely proportional to the squared product
distance, d2(l,) and the l,th power of the SNR. The
PEP mamly depends on the effective length ,, and the
corresponding squared product distance.
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By summing the PEP at high SNR obtained in equa-
tion (8), we construct the union bound of the bit error
probability at high SNR as below

ST wtydiy)

by d3(iy)

1+K)e 1
2k2[ } a2y T

where b is the number of trellis encoder input bits,
w(ln,dg(l,,)) is the average hamming distance of code
sequences having the effective length I, and the squared
product distance dg(l,,). Among all terms in (9) the one
with the smallest effective length [;, and the smallest
product distance d3(l,) dominates the bit error prob-
ability at high SNR. Denoting min(l,) by L and the
corresponding squared product distance by d%(L), the
error event probability is asymptotically approximated
as

(9)

Py~ zw (L,dy(L))

5 1C(1 + K)e™
g{ V4

Therefore, for small values of K and large values of vy,
the bit error probability P, is determined by the param-
eters such as the minimum effective length L, and the
corresponding squared product distance df,(L).

(10)

+ Ry

?-I"" G~l»—t

]

4. Optimal Trellis Encoder Design for
Small Values of Rician Parameter K

4.1 Encoder design

Considering equation (10), for small values of K, in
other words when the channel tends toward Rayleigh,
the optimal trellis encoder maximizes the minimum ef-
fective length L, and the corresponding squared product
distance df,(L)‘ These design criteria are quite differ-
ent from the optimal trellis encoder design criteria for
AWGN channel. We search the optimal trellis encoder
when the channel tends towards Rayleigh using L and
dz(L) as the primary design criteria and the equivalent
squared free distance d2 ;. defined in [5] as the sec-
ondary design criterion. We consider a binary convolu-
tional encoder with code rate » = 3/4 cascaded to the
2-consecutive 4-ary NCPE. We implement this convolu-
tional encoder using the general encoder implementation
scheme of [5]. The set partitioning condition in [5] de-
cides the values of h}’s. An exhaustive search to find the
remaining coefficients to maximize primarily the mini-
mum effective length L and the corresponding squared
product distance d2 5(L) and secondarily the equivalent
squared free dxstance d? jree has been performed. We
modified the computational algorithm in [13] to search
good encoders for interleaved Rician fading channel.

We represent the [h3,- -+, k!, h] in the octal repre-
sentation in the same way shown in [14]. Comparing
Table 1 with results of [5], we observe that two encoders

# of states [ v hy hy hy he L d2(L) dZ rec
2 1 02 0 1 1 | 1.453521 | 0.975680
3 Z 02 4 1 1 [ 1.629106 | 0.975689
8 3 2 10 4 3 7 | 0.562460 | 1.374424
16 4 4 12 3 71 7 | 1.675837 | 1.3744%4
Table 1. Optimal Code Rate 3/4 Trellis Encoder Cas-

caded to 2CPE with M=4 for Interleaved Rician
Fading Channel
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Figure 3. Bit Error Rate Plotted versus E,/Ng(dB) for
Various Values of K with the Optimal Encoder for
K = 0 and the Optimal Encoder for K = co with
v=2

are same for the case of v = 1, but for the other cases,
they are different.

4.2 Computer simulations and discussions

In this subsection, we show simulation and analyti-
cally approximated results of bit error probability. We
use the equation (10) to get an approximation on the bit-
error probability. The approximated bit error rate may
be smaller than the simulated value because the equa-
tion (10) is evaluated by using only the most dominant
term of the union bound on the bit error probability.

Fig. 3 and Fig. 4 show that the logarithm of bit er-
ror rate is decreasing linearly for Rician fading channel,
while it is decreasing exponentially for AWGN channel.
It results from the fact that the bit error probability is
given by the equation (10) for small values of K, while
it is given by @ function for K = co.

Fig. 3 shows the performance of the system using the
optimal code rate 3/4 trellis encoders cascaded to 2 CPE
with M =4, h = 1/4, and v = 2. For small values of K,
we observe that the logarithm of the bit error probabil-
ity of the optimal encoder for Rician fading channel and
that for AWGN channel are decreasing linearly with al-
most same slope. But as SNR increases, for small values
of K, the performance of the optimal encoder designed
for Rician fading channel becomes better than the op-
timal encoder designed for AWGN channel. This result
come from the reason that the effective lengths of two
encoders are same and the corresponding squared dis-
tances for them are different.

Fig. 4 shows the performance of the system using
the optimal code rate 3/4 trellis encoders cascaded to 2
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Figure 4. Bit Error Rate Plotted versus E/Ny(dB) for
Various Values of K with the Optimal Encoder for
K = 0 and the Optimal Encoder for K = oo with
v=3

CPE with M = 4, h = 1/4, and v = 3. In this case,
for small values of K, we observe that the logarithm
of the bit error probability of the optimal encoder for
Rician fading channel and AWGN is plotted as straight
lines with the slope values 2 and 1 respectively. Theses
results come from the fact that the effective length of the
optimal encoder for Rician fading channel is 2 while that
for AWGN channel is 1. Thus, for the small values of K,
as SNR increases, the performance difference becomes
large. However, for the large values of K, we observe
that the performance difference between two encoders
is negligible.

5. Conclusion

We find the performance criteria of MTCM/NCPFSK
with noncoherent detection for interleaved Rician fading
channel and designed the optimal trellis encoder for in-
terleaved Rician fading channel using the performance
criteria.

By the result of performance analysis, for small values
of K, we observed that the error performance of the sys-
tem is inverse proportion to the Lth power of the SNR
and the corresponding squared product distance d?,(L)
while, for large values of K, the error performance of the
system depends on the equivalent squared free distance

d2 ;ree- It is same to the case of trellis coded M-ary

phase shift keying(TC-MPSK) described in [7], [8]. In
the other words, the same parameters which affect the
performance of TC-MPSK affect the performance of our
system. We designed the optimal encoder for interleaved
Rician fading channel by using these parameters. Sim-
ulations have been performed to verify the performance
analysis and the encoder design criteria.

By the result of analysis and simulation, we observed
that the optimal encoder for AWGN channel is not al-
ways optimum for interleaved Rician fading channel.
Mobile or radio channels are fading channels as well as
power- and bandwidth- limited channels. Therefore, in
such channel environment, the optimal encoder for inter-
leaved Rician channel is better than the optimal encoder
for AWGN channel.
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