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Abstract— It is well known that continuous phase modulation
(CPM) serially concatenated with convolutional codes facilitates
powerful error correction. CPM also has the advantage of be-
ing bandwidth efficient and compatible with non-linear amplifiers.
The downfall of CPM systems is their poor performance over ISI
channels. We propose an iterative receiver incorporating an inter-
ference canceller (IC) for serially concatenated continuous phase
modulation (SCCPM) over known ISI channels. We present re-
sults for our scheme based on a common ISI channel and show
that the performance is comparable to that of Serially Concate-
nated CPM (SCCPM) on an AWGN channel with no ISI.

I. I NTRODUCTION

Continuous phase modulation (CPM) is a commonly used
modulation scheme in both commercial and military wireless
systems due to its bandwidth efficiency and constant envelope.
When transmitted over frequency-selective channels, CPM sig-
nals will be subject to inter-symbol-interference (ISI), which
degrades the performance of the system. The optimum receiver
for CPM signals transmitted over channels with memory is a
matched filter bank to produce sufficient statistics, followed by
MLSE or MAP (maximum a-posteriori) decoding. The number
of states required for encoding in such receivers is exponential
with the sum of the inherent CPM memory, and the memory of
the channel. An alternate iterative approach to optimal equal-
ization is to design a receiver filter under the minimum mean
square error (MMSE) criteria [1]. This method can also be
computationally expensive because it involves inverting large
matrices.

Serially concatenated continuous phase modulation (SC-
CPM) was introduced in [2] as a way of combining the memory
of convolutional codes with the memory of CPM to provide ex-
cellent error correction capabilities. This is possible because
if the modulation index of CPM is rational and irreducible, it
can be described by a trellis using the titled phase representa-
tion [3][4]. The system can then be treated as a serially con-
catenated convolutional code (SCCC), and the iterative decod-
ing techniques of [5] can be used. We propose a method of
turbo equalization for SCCPM based on the interference can-
celler model in [6]. The motivation for this, is to preserve the
excellent performance of SCCPM with a scheme that has lower

complexity than the optimal and MMSE methods. The funda-
mental idea behind interference cancellation is to use data esti-
mates from the turbo decoder to cancel ISI provided that some
information about the channel is available at the receiver.

Several methods for equalizing CPM have been proposed
recently. In [7] frequency domain equalization is applied to
CPM under severe ISI using the Gram-Schmidt procedure to
obtain a discrete signal model for the IFFT/FFT processing. In
[8] equalized energy detection of CPM is examined, where the
equalization is combined with the design of the receiver filters
under the minimum mean squared error (MMSE) criteria. Nei-
ther of these papers treat coded CPM. Results for equalizing
coded MSK, again using a filter designed under the MMSE cri-
teria, are presented in [9].

This remainder of this paper is arranged as follows. Sec-
tion II describes the system model, including the CPM model,
channel model and the SCCPM interference canceller. Section
III presents simulation results for a given ISI channel with full
and partial-response SCCPM schemes, and compares against
SCCPM with no ISI. Finally, Section IV concludes the paper.

II. SYSTEM MODEL

A. CPM model

If the CPM modulation index,h = K/P , is rational and irre-
ducible, then the system can be represented by a trellis. Further-
more, Rimoldi derived a method for describing CPM modula-
tions as the concatenation of a continuous-phase encoder (CPE)
and a memoryless modulator (MM) [4]. The complex envelope
of a CPM signal with symbol intervalT and energyE is given
by

s(τ + nT ) =

√
2E

T
ejψ(τ+nT ) (1)



whereψ is the titled-phase and is given by

ψ(τ + nT ) =
[
2πh

[n−L∑

i=0

uimodP

]

+ 4πh

L−1∑

i=0

un−iq(τ + iT ) + W (τ)
]
mod2π 0 ≤ τ < T

(2)

whereW (τ) is independent of the information symbol, and
given by

W (τ) = πh(M − 1)
τ

T
− 2πh(M − 1)

L−1∑

i=0

q(τ + iT )

+ πh(M − 1)(L− 1)

(3)

In (2),ui is from an M-ary information set,ui ∈ {0, 1, . . . , M−
1}, andq(t) is the integral of a normalized frequency pulse that
is non-zero forL symbol intervals. The LREC family of pulses
is defined by

q(t) =





0 t < 0
t

2LT 0 ≤ t ≤ LT
1/2 t > LT

(4)

while the LRC family is defined as

q(t) =





0 t < 0
t

2LT −
(sin 2πt

LT )

4π 0 ≤ t ≤ LT
1/2 t > LT

(5)

The functionq(t) is always normalized to 1/2 fort > LT .
WhenL = 1 the system is a full-response and when itL > 1 it
is partial-response.

B. Channel model

The channel model we use in this work is the discrete
symbol-spaced tapped-delay-line (TDL). We assume herein
that the channel is known and non-time-varying. Thekth sam-
ple of the received over-sampled baseband signal can then be
represented by

yk =
N−1∑

j=0

sk−jhj + zk (6)

where N is the length of the channel in terms of samples,sk−j

are the CPM complex baseband samples,hj are the discrete
channel coefficients, andzk is a zero-mean complex Gaussian
noise sample with double sided power spectral densityN0/2.
Since we assume a symbol-spaced channel, most values ofhj

are zero. The channel considered in this paper is the well known
Proakis channel (a) from [10]. The symbol-spaced coefficients
are{0.04,-0.05,0.07,-0.21,-0.5,0.72,0.36,0,0.21,0.03,0.07}.

The proposed receiver is shown in Fig. 1. It can be seen
that the encoder is a standard SCCPM encoder. Since we are
assuming the channel is known at the receiver, the filterh∗(−t)
is matched perfectly. The SCCPM decoder operates as the
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Fig. 1. Proposed system model.

SCCC described in [5], such thatλ(u; ) andλ(c; ) are the log-
likelihood ratios (LLRs) of the information and coded symbols
respectively. The informationλ(ui;O) andλ(co;O) is extrin-
sic information which becomes a-priori information for the next
decoder. On the final iteration, a hard decision is made on
λ(uo;O).

In [5] the output from the inner decoder,λ(ci; O), is not used.
We propose using this output as a data estimate to cancel ISI.
The informationλ(ci;O) consists ofPML − 1 symbol LLRs,
given that the codeword LLRs are defined as

λ(cq; ) = log
P (cq; )
P (c0; )

(7)

wherec0 is an arbitrary reference symbol. From these LLRs we
obtain the normalised set of probabilitiesP (cn). The decoder
now also consists of a memoryless modulator which we label
“MM DEC”. We refer to it as this because it is designed to
mimic the function of the memoryless modulator in the encoder.
Each symbol interval it takes the set ofQ = PML normalised
probabilities and produces the discrete output defined by

r̃ =
Q∑

q=1

P (cq; )rq (8)

whererq is the oversampledqth complex baseband CPM sig-
nal. It can be seen that by using the soft outputs of the CPM
decoder, an “average” symbol is obtained. We use the under-
line notation to specify a discrete signal. Once we have average
symbols for an entire block length, we can obtain an estimate of
the signal corrupted by ISI as̃e = r̃⊗ h, where⊗ is the convo-
lution operator. This signal, which is initialised to zero on the
first iteration, is then subtracted from the received signal, the
result is matched filtered, and̃r is added back in. Although not
explicitly shown in Fig. 1, a bank of matched filters precedes
the CPE decoder to produce sufficient statistics for decoding.
The input to the matched filter bank is given by

x = r̃ + h⊗ (y − ẽ) (9)

from which a set of channel LLRs,λ(ci; I), is obtained.



Iterative interference cancellation is typically performed by
taking a data estimate from the last of a set of concatenated
decoders. In the case of CPM, this would require a hard deci-
sion to be made onλ(co;O) for re-encoding by a CPE encoder
and a memoryless modulator in the decoder. This hard decision
would result the loss of valuable information. The fact that a
CPE would also be required in the decoder would increase the
complexity of the system. The consequence of taking a data
estimate from the inner decoder in this case, is that the decoder
will be half an iteration behind a typical interference canceller.
It should also be noted that the feedback termλ(co; O) is the
full a-posteriori information as opposed to extrinsic informa-
tion. It was found that using the full information produced bet-
ter results. This agrees with the concepts presented in [11].

III. R ESULTS

A. Full-response system

An MSK system with parametersM = 2, h = 1/2 and
L = 1 was first considered. TheREC pulse shape given in (4)
was used. The outer code was a G[5,7] rate 1/2 non-recursive
convolutional code. The log-MAP algorithm was used in both
the CPE and outer CC decoder, with both trellises being fully
terminated. The interleavers were psuedo-random. The block
size used was 256 which corresponds to an interleaver size
of 512. Simulation results for this CPM scheme over Proakis
channel (a) are shown in Fig. 2.
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Fig. 2. Performance of the IC receiver for MSK over iterations.

In Fig. 2, IC stands for the interference cancelling receiver
in Fig. 1. The SCCPM result represents the same MSK scheme
with no ISI. A clear improvement in performance can be seen
over iterations of the IC. It was found that after more than six
iterations there was only a very slight improvement in perfor-
mance. At a BER of10−4 the performance of the IC is approx-
imately only0.6 dB worse than the result with no ISI.

The complexity of this receiver is highly dependent on the
number of matched filters required for the particular CPM
scheme. This is because the filtering must be done on each
iteration of the receiver compared to SCCPM whereλ(ci; I)
would be calculated once and then stored. This must therefore
be considered when evaluating the performance of the receiver

for a given scheme. The optimum number of matched filters
is ML since each set ofP signals differs only by a phase rota-
tion. This means that only 2 matched filters are required for this
full-response scheme. A significant amount of work has been
done on deriving suboptimal sets of matched filters [2] [3]. In
[2] such a set is derived so that, for example, the number of
matched filters required for an octal 3LRCh = 1/2 scheme is
reduced from 512 to 6. This ensures that the complexity of the
IC receiver can remain manageable by sacrificing performance,
even for high order CPM schemes.

B. Partial-response system

The partial-response system considered had the parameters
M = 2, h = 2/3, L = 2 and uses the LRC pulse shape. Simu-
lation results for this system over channel (a) are shown in Fig.
3. Again the result with no ISI is shown for comparison pur-
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Fig. 3. Performance of the IC receiver for M=2, h=2/3 2LRC SCCPM over
iterations.

poses. It can be seen that the overall performance of this CPM
system is better than the full-response scheme. In this case, at
a BER of10−4, the performance of the IC is approximately0.5
dB worse than the result with no ISI. The optimal number of
matched filters for this CPM scheme is 4.

IV. CONCLUSION

An iterative interference canceller has been proposed for SC-
CPM systems. It uses the LLRs of the CPE codes to obtain an
average CPM signal that is then used to cancel ISI. Simula-
tion results have been presented for a full-response and partial-
response system for a known ISI channel. The performance
of the IC was similar for both schemes, and in both cases was
found to approach AWGN performance over iterations. This
means that the proposed receiver is a good alternative to higher
complexity equalization methods for some channels.
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